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ABSTRACT 
MAINTENANCE REQUIREMENTS FOR LIGHTLY TRAFFICKED ROADS: I. C. BUTLER 
A flexible pavement evaluation and overlay design procedure has been 
developed by the Transport and Road Research Laboratory (TRRL) . 
The majority of the information used to derive the relationships 
contained in this procedure was coll~~~~on medium and heavily 
trafficked roads. 
Very little performance data existed prior to the start of this 
project for lightly trafficked roads, with the result that the 
relationships in the above procedure had to be extrapolated at the 
lower traffic levels. 
This investigation has. resul±ed ln the- setting -up of a large data 
base containing pavement condition, construction and strength 
information. 
A new methodology has been developed for investigating the performance 
of flexible pavements based upon data gathered over a limited time 
scale . This methodology has been used to relate deflection to pavement 
condition and the subsequent relationships used to validate those 
published by TRRL. 
The work has added confidence to the use of the evaluation and overlay 
design procedure for roads that have carried low volumes of traffic. 
An investigation has also been undertaken into the use of deflected 
shape measurements, made with a Deflectograph, to characterise 
pavement construction. 
Theoretical studies have been made using a finite element approach, 
together with practical studies based upon deflected shape measurements 
recorded on a number of lightly trafficked roads. 
Resulting from these investigations, a method has been developed for 
estimating the thickness of bituminous material in a flexible 
pavement from measurements of deflected shape recorded with a 
Deflectograph. 
Such an estimation procedure would in the long term remove a major 
obstacle to on-board real-time processing of deflection measurements 
recorded with a Deflectograph. 
In the short term it would help eliminate a great deal of uncertainty 
that exists at present concerning the pavement construction between 
locations where cores have been removed. 
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0 INTRODUCTION 
The deterioration of a flexible pavement even on well designed roads is 
generally a slow and seasonal process. The main cause of deterioration 
is the repetitive nature of the traffic loading and the damage caused 
has been shown to relate to approximately the fourth power of the axle 
load. 
Inevitably a pavement requires strengthening if it is to continue to 
provide beyond its design life an adequate surface over which vehicles 
can travel safely. 
In the United Kingdom the proportion of the national road network that 
is nearing the end of its design life and requires strengthening has 
increased significantly since the mid-seventies. The increase in fuel 
costs in the early seventies forced hauliers to make better use of 
their vehicles and as a result many were running full for a greater 
proportion of their working lives . This caused a general increase in 
the level of traffic loading bringing with it a dramatic increase in 
the rate of deterioration of many of the major roads and a reduction 
in their design lives when calculated in years. 
A considerable amount of money is spent each year on road maintenance 
and to make it as effective as possible use should be made of a 
suitable strengthening design method. 
Pavement strengthening in the past has only occurred when the materials 
within the pavement have deteriorated to such a condition that damage 
is evident on the pavement's surface. Once in this state its load-
bearing capacity has been reduced to such an extent that at best a 
considerable thickness of overlay is required or, at worst, total 
reconstruction. 
A great deal of money and materials could be saved if the pavement was 
strengthened before it reached a failed condition; ideally when it was 
in a critical condition. 
1 
A flexibl e pavement strengthening design method has been developed by 
the Transport and Road Research Laboratory (TRRL) for use in the 
United Kingdom and is outlined in Laboratory Report LR833. It is 
possible to use this str engthening design method to: 
(i) predic t the remaining life of a pavement so that 
strengthening by overlaying can be timed to coincide 
with the onset of critical conditions. 
(ii) design the thickness of overlay required to extend the 
life of a road to carry t.\.~ d~~:)o f~~ traffic and to 
indicate lengths of road which have deteriorated 
sufficiently to require partial or total reconstruction. 
Essential to t he structural design method is the characterisation of the 
present structural condition of the pavement in terms of the deflection 
as measured with a Deflection Beam or Deflectograph. These two pieces 
of equipment have been standardised for use in the United Kingdom and 
described in Laboratory Report LR834. The preferred operating 
procedures for both are given in Laboratory Report LR835 . 
The majority of the data used to define the relationships given in 
this method were collected from the full-scale pavement design 
experiments monitored by the TRRL. These experimental pavement 
sections consisted of construction thicknesses appropriate to heavy, 
medium and lightly trafficked roads. During the period for which 
these sections were monitored various performance relationships 
were established for the deeper construction thicknesses associated 
with heavily an~ medium trafficked roads. Unfortunately, little 
data was collected from the sections of thinner construction, 
appropriate to lightly trafficked roads , because these tended to 
fail premature ly. 
The rapid rate of deterioration of these sections could have influenced 
the parameters used to measure their behaviour and for this reason 
the data collected was possibly not a true reflection of the performanc~ 
of these construction thicknesses under normal traffic loading. 
2 
In an effort to determine more i nformation about the performance 
of lightly trafficked roads, a contract was awarded to the Department 
of Civil Engineering at Plymouth Polytechnic by the TRRL to 
investigate the behaviour of these roads over a three year period . 
This project , as part of the main contract , has two main areas of 
interest: 
(i} validation of the existing evaluation and strengthening 
design method for use on lightly trafficked roads; 
(ii) an investigation into the use of measurements of the 
deflected shape of the pavement's surface to estimate 
the thickness of bituminous material in the pavement 
structure . 
A lightly trafficked road was defined as one.. "'- t..'-'·, "'";) c:... 'c,(-(.o,.\\~ 
~\...o~ ~~\ -.....~ o ......_\.).. ---.o\: ~(oc:.\.........~ '"'-O <" '- ~,...__ c... \l a ..... " o--..~ ~'-\.\\o .,.,_ 
c.v..-.. ...... \.c..k...:...~ ..,\. ........._~o-c-0.. ~\.AI> .__ c:- \0 -To \S '( qc..A ..,..,.........:.....!~:~~ (The { <u... (>~\od . 
value adopted for a standard axle in the United Kingdom is 8160 kg 
and axle loads are generally expressed as an equivalent number of 
standard axles) . . 
On the basis of this definition, sections of existing roads in Devon 
and Somerset have been selected as test lengths. The condition of 
these test lengths has been assessed from periodic measurement of 
deflection, made with the Deflectograph and Deflection Beam, and the 
data obtained from the visual condition survey of the pavement's 
surface. 
This information has been analysed in relation to the pavement 
material types and thicknesses , and the weights and number of 
commercial vehicles carried, to define the deflection and performance 
relationships for lightly trafficked roads. 
These relationships have been used to extend the published 
performance and overlay design charts to include the behaviour of 
the more lightly trafficked roads . 
3 
Validation of existing evaluation and strengthening design method 
for use on lightly trafficked roads is particularly relevant because 
of the large proportion of a county's road network that falls into 
the lightly trafficked category. 
The information collected from these lightly trafficked pavement 
sections has allowed measurements of the deflected shape of the 
pavement's surface recorded by the Deflectograph to be used as an 
additional indicator of performance to investigate a relationship 
between curvature and thickness of the bituminous material in a 
flexible pavement structure. 
The aim was to develop a procedure for continuously assessing the 
thickness of the bituminous material in a flexible pavement structure 
and is important for two reasons . Firstly, it would remove a large 
obstacle to on-board real-time processing of deflection measurements 
obtained with a Deflectograph. Secondly, it would greatly reduce the 
degree of uncertainty that presently exists concerning the thickness 
of bituminous material present in the pavement structure between the 
positions where cores have been extracted. 
Both theoretical and empirical studies have been undertaken. 
A finite element model has been developed that can be used to 
accurately predict the response of pavements with granular and 
bituminous roadbases to a given load. 
Use has been made of the theoretical model to develop relationships 
between curvature, defined as a differential deflection 200 mm from 
the point of maximum deflection, and maximum deflection for pavements 
with various thicknesses of bituminous material. These relationships 
could be used together with measurements of the deflected shape 
recorded by a Deflectograph to estimate the thickness of bituminous 
material in a pavement structure. 
Empirical relationships between curvature and maximum deflection have 
been developed from deflected shape measurements recorded on actual 
pavement structures . These relationships were similar to those derived 
4 
theoretically, but differed in numerical value. 
The difference has been shown to be largely due to the differences in 
the structure of the pavements modelled theoretically and those 
actually surveyed with the Deflectograph. The accuracy of estimate 
possible with the empirical curvature and maximum deflection relation-
ships and deflected shape measurements has been assessed by comparing 
the estimates of bituminous layer thickness made in this way with the 
actual thickness of extracted cores . 
This thesis is composed of two parts. 
Part 1 contains a literature search that includes the factors 
influencing flexible pavement deterioration , the remedial measures 
available , and the methods used to assess the present condition of 
flexible pavement structures , together with details of the investigation 
into the use of deflected shape measurements to estimate the thickness 
of bituminous material in a flexible pavement structure . 
Par t 2 gives details of the background and development of the 
existing flexible pavement evaluation and strengthening design procedure 
for use in the United Kingdom, together with an in depth account of the 
work necessary to validate this procedur e for use on lightly trafficked 
roads. 
Chapters 1 to 8 inclusive constitute Part 1 of this thesis and 
Chapters 9 to 12 inclusive constitute Part 2 . 
Chapter 1 discusses the factors that contribute to flexible pavement 
deterioration and the remedial measures associated with structural 
and non-structural deterioration. 
Chapter 2 describes how measurements of pavement surface deterioration 
can be used to assess the present condition of a flexible pavement. 
Details are given of the major full-scale experiments undertaken in 
the U.K. and the U.S . A. to empirically related axle loads to the 
performance in terms of the degree of rutting and the extent of 
cracking of the pavement's surface. The important concepts of 
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'Present Serviceability Index', standard axle and equivalence factors, 
are introduced. Observations from the behaviour of the full-scale 
experiments in the U.K. are mentioned. 
Chapter 3 introduces a structural approach to the problem of 
assessing the present condition of a flexible pavement. The 
parameter maximum deflection is defined and its use as a measure of 
the response of a pavement structure to a given load is outlined. 
Details are given of the equipment available to measure maximum 
deflection and the factors that can effect its measured value. 
Information is given about the empirical maximum deflection and 
performance relationships that have been developed in the U.K. and 
included into an evaluation and overlay design procedure. Brief 
details are given of analytically based flexible pavement evaluation 
and overlay design procedures. 
The main advantages and disadvantages of the parameter maximum 
deflection as a measure of pavement condition are discussed. 
Chapter 4 describes the advantages of deflected shape measurements 
as indicators of pavement condition. The equipment that has been 
developed to record the deflected shape is described, together with 
the various methods of expressing curvature. The relative merits 
of single and multi-value deflected shape measurements are discussed. 
Details are given of some of the practical and theoretical studies 
undertaken to relate single and multivalue curvature measurements 
to the properties of one or more of the pavement layers. 
Chapter 5 outlines the reasons for wanting to be able to continously 
assess the thickness of bituminous material in a flexible pavement 
structure. 
A measure of the response of a pavement structure to given load is 
considered as a possible indicator of bituminous layer thickness. 
Details are given of a modified Deflectograph that is capable of 
measuring the deflected shape of the pavement's surface as a series 
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of ordinate deflections. A procedure is suggested for expressing 
these deflected shape measurements in terms of a differential 
deflection at a specific distance from the position of maximum 
deflection. The parameters likely to control any estimate of 
bituminous layer thickness made using measurements of deflected 
shape are considered. 
Chapter 6 describes the investigations into the use of deflected 
shape measurements to estimate the thickness of bituminous material 
present in a flexible pavement structure . Details are presented 
of theoretical studies, using a finite element approach, together 
with practical studies, using insitu measurements of maximum 
deflection and deflected shape recorded with a Deflectograph on a 
wide range of lightly trafficked roads. Resulting from these 
investigations a method of estimating the thickness of bituminous 
material in a flexible pavement is presented. 
Chapter 7 assesses the accuracy of predictionpossiblewith the 
empirical curvature and maximum deflection relationships, by 
comparing the estimates of bituminous layer thickness with those 
deduced from destructive and non-destructive techniques. 
Chapter 8 provides a summary of the more important aspects of the 
investigations detailed in Chapters 6 and 7, together with a 
discussion of the factors most likely to have influenced the 
relationships derived in these chapters. A number of conclusions 
are drawn that collectively suggest that a method can be developed 
for continuously assessing the thickness of bituminous material 
from the analysis of deflected shape measurements made with a 
Deflectograph. A procedure for continuously assessing bituminous 
layer thickness is presented and the areas requiring further work 
detailed. 
Chapter 9 marks the beginning of Part 2 of this thesis and gives 
details of the background and development of the present evaluation 
and strengthening design procedure for use in the U.K. The 
important concept of the deflection history is introduced and 
information is given on its development and use in the derivation of 
7 
maximum deflection and performance relationships for pavements with 
a wide range of roadbase types. 
Chapter 10 gives a detailed breakdown of the use of the present more 
comprehensive evaluation and strengthening design method. Particular 
reference is made to areas where the format has changed from that 
originally presented in the initial evaluation and strengthening 
design procedure. 
Chapter 11 outlines the work involved with the validation of the 
existing evaluation and strengthening design procedure for use on 
lightly trafficked roads. Details are given of the use of the 
Deflectograph, use of a portable weighbridge for measuring vehicle 
weights, the method adopted for recording visual condition , analysis 
of the results, derivation of relationships, conclusions etc. 
Chapter 12 contains the deflection performance and overlay design 
charts that have been extended to include the behavioural information 
gathered during this project from the lightly trafficked roads. The 
range of roads for which these charts are applicable has been 
considerably increased at the lower traffic level. The approach 
used in this investigation can also be used to calibrate the existing 
evaluation and strengthening design procedure to suit local conditions 
and existing local maintenance standards . 
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1 FACTORS INFLUENCING FLEXIBLE PAVEMENT DETERIORATION AND THE 
REMEDIAL MEASURES AVAILABLE 
1.1 INTRODUCTION 
This chapter gives an overview of the factors most likely to cause 
wear and damage to a flexible pavement together with details of the 
measures available to maintain or strengthen a flexible pavement. 
Commercial traffic loading and climatic variations are the two 
factors most likely to influence the rate of deterioration of a 
flexible pavement. 
Details are given of the methods(3 ' 4 ' 5 ' 6 ' 7 )available for converting 
commercial vehicle flows into estimates of their damaging power in 
terms of a number of standard axles. 
Variations in the climate generally affect the subgrade moisture 
conditions and the stiffness of the bituminous layers of a pavement. 
A review of previous work( 8 , 11 '~ 2 )into the effect of climatic changes 
on the individual pavement layers and subgrade is given with 
particular emphasis on the likely effect of extremes of temperature 
(13,14,15,16,17) th 
on e pavement materials and their performance. 
The objectives of flexible pavement maintenance are specified and 
the available maintenance techniques outlined. 
Flexible pavement strengthening is defined and the reasons for such 
action detailed. 
The two major alternatives for strengthening a flexible pavement, 
overlaying with a bituminous material and total or partial 
reconstruction, are considered. 
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1.2 FACTORS CAUSING WEAR AND DAMAGE TO A FLEXIBLE PAVEMENT 
1.2.1 Traffic 
The initiation and subsequent development of pavement deterioration 
caused by traffic are related to the numbers and types of vehicles and 
to their axle loads. 
Defects caused by traffic include fatigue cracking, deformation, wear 
by loss or polishing of aggregate and excessive embedment of chippings. 
Cumulative traffic causing structural damage to a pavement is expressed 
in terms of an equivalent number of standard axles and the development 
of this concept is detailed in this chapter. 
1.2 . 1.1 Traffic loading 
In designing highway pavements and in assessing the effects of traffic 
on their structural performance, it is essential to quantify the 
contribution made to structural damage by loads of different sizes. 
A most comprehensive investigation of this relation was undertaken 
during the late 1950s in Illinois, USA, at the AASHO road test( 1) 
(details given in Chapter 2) . 
Test data indicated that the damaging power of any load can be 
expressed in terms of the equivalent axle load factor related to the 
damaging power of a standard axle Ls. 
F 
The value of 'a' was found to be dependent upon the thickness of the 
pavement and the strength of the subgrade. The value obtained by most 
investigations, including the results of the AASHO testS1)indicate an 
average value for 'a' of 4 .0 ; this has given rise to the so-called 
fourth power law which states that the ratio of the structural 
damaging effects of two loads is proportional to the fourth power of 
the ratio of the loads. 
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Recent work undertaken in South Africa( 2)with the heavy vehicle 
simulator has shown that the value of 'a' can vary depending upon 
the pavement type and the criterion of distress. If the conditions 
which can be reasonably expected to occur in practice are simulated, 
then the approximate equivalences obtained for different pavement 
types are given in Table 1.1. 
PAVEMENT BASE TYPE 
Natural gravel 
Crushed stone 
Asphalt 
Cement treated 
VALUE OF 'a' 
2 - 3 
3 - 4 
4 
6 
Table 1.1 Recommended ~tandard Axle Factors for use in South Africa. 
(after Freeme, et al) (2) 
On the basis of the data shown above, a value of 4 . 2 was recommended 
for use in South Africa if an average value for all pavement types 
was required. In the United Kingdom the value chosen for the standard 
axle was 8160 kg. 
(1) 
Equivalence factors determined from the AASHO test data for two 
pavement thicknesses are shown in Table 1.2 together .with those 
recommended for use in the United Kingdom in Road Note No. 29( 3 ). 
There are small variations in the equivalenc:e factors for pavements 
of different thickness and these have been taken into account by 
(3) 
recommending the use of average equivalence factors in Road Note No. 29 . 
The inference from this table is that one pass of a 'standard' 8160 kg 
axle causes as much damage as 5000 passes of a 910 kg axle and that one 
pass of a 18140 kg axle as much damage as 23 standard axles. 
It is evident from Table L 2 that the damage caused to pavements increases 
very steeply with the axle loading and that the axle loads from private 
cars contribute very little to structural deterioration. For this 
reason commercial traffic only is considered for both pavement design 
11 
Axle Load Axle Load AASHO Sections (1) Road Note 29 (3 ) 
(1 b) (kg) total thickness 
387 mm 285 mm 
2000 910 0,0002 0.002 0.0002 
4000 1810 0.003 0.002 0.0025 
6000 2720 0.01 0.01 0.01 
8000 3630 0.03 0.03 0.03 
10000 4540 0.09 0.08 0.09 
12000 5440 0.19 0.18 0.19 
14000 6350 0.36 0.35 0.35 
16000 7260 0.62 0.61 0.61 
18000 8160 1.0 1.0 1.0 
20000 9070 1.51 1.55 1.5 
22000 9980 2.18 2.31 2.3 
24000 10890 3.03 3.33 3.2 
26000 11790 4.09 4.68 4.4 
28000 12700 5.39 6.42 5.8 
30000 13610 6.97 8.65 7.6 
32000 14520 8.88 11.46 9.7 
34000 15420 11.18 14.97 12. 1 
36000 16320 13.93 19.28 15.0 
38000 17230 17.20 24.55 18.6 
40000 18140 21.09 30.92 22.8 
Table 1.2 Equivalent Load Factors 
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and pavement performance purposes. To use the information given in 
Table 1.2 to predict either past or future traffic loading requires 
that the distribution of existing axle loads be determined. 
1.2.1.2 Assessing the Damaging Effect of Commercial Traffic 
Wheel load spectra for mixed traffic can be obtained from dynamic 
weighbridges placed in the road. These weighbridges count each axle 
that passes over them and places it into one of a predetermined 
number of load categories. 
Wh . ff. d . ( 4 ) d ( 5 ) h d d 11 d . 1 Ln , an Gra1nger an Currer ave presente ata co ecte 1n 
this way on a number of major roads in the United Kingdom. 
The number of standard axles for each category is calculated from 
dynamic weighbridge data by multiplying the number of axles in that 
category by the appropriate equivalence factor (Table 1.2). 
Where load spectra data is available, therefore, the use of the 
equivalence data in Table 1.2 leads to a relatively simple technique 
for estimating the damaging effect of mixed traffic. 
Where load spectra data is not available an alternative technique 
must be used. 
The Transport and Road Research Laboratory has monitored the results 
from dynamic weighbridges,installed in their full-scale pavement 
experiments and elsewhere,and has determined average values of the 
number of standard axles per commercial axle for different types of 
road. Also determined was the average number of axles per commercial 
vehicle. 
The product of these two values gives the number of standard axles per 
commercial vehicle. This allows the damaging effect of a traffic 
flow on a particular road to be estimated solely from the number of 
commercial vehicles it carries. This method of assessing the number 
of standard axles from a traffic flow is presented in thP third 
edition of Road Note No. 29(3 ) and is reproduced in Table 1.3. 
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Number of Number of Number of 
axles per standard standard 
Type of Road commercial axles per axles per 
vehicle commercial commercial 
axle vehicle 
Motorway and truck roads 
designed to carry over 1000 
commercial vehicles per day 2.7 0.4 1.08 
in each direction at the time 
of construction 
Roads designed to carry 
between 250 and 1000 
commercial vehicles per day 2.4 0.3 0. 72 
in each direction at the 
time of construction 
All Other Public Roads 2.25 0.2 0.45 
Table 1.3 Standard Axle Factors specified in Road Note No. 29 .( 3) 
Traffic Loading Equivalent number of 7. Increase 
standard axles per in original 
commercial vehicle Road Note 29 
Figures 
Roads designed to carry over 
2000 commercial vehicles per 2.75 --
day in each direction at the 
time of construction 
Roads designed to carry 
between 1000 and 2000 
commercial vehicles per day 2.25 108 in each direction at the 
time of construction 
Roads designed to carry 
between 250 and 1000 
commercial vehicles per day 1. 25 74 in each direction at the 
time of construction 
All Other Public Roads 0.75 30 
Table 1. 4 ( 6 ) Standard Axle Factors specified in Technical Memorandum H6/ 78. 
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There appears to have been a dramatic change in the axle load spectra 
for all categories of road in the United Kingdom after the oil crisis 
of 1972-73. This was reflected some years later by the publication 
(6) 
of Technical Memorandum/ H6 / 78 indicating revised standard axle factors 
for four different categories of road, as shown in Table 1.4. 
Reference tQ Table 1. 4 shows very large percentage increases in the 
figures given originally in Road Note No. 29( 3) and these revised 
figures had a significant effect on design lives. The more lightly 
trafficked roads will now have actual lives of about 60-70 per cent of 
their expected design lives, while for the most heavily trafficked 
roads the actual life will be of the order of 30-40 per cent of their 
design lives. 
The most likely reasons for the increase in the damage factors were: 
that the number of multi-axled vehicles had increased, vehicles were 
tending to be operated in a more fully loaded condition and certain 
types of vehicle were covering larger annual distances. 
Currer and O'Connor( 7)have published a report giving details of the 
data collected from 30 dynamic weighbridges installed at a number of 
full-scale road experiments and on three motorways. The data is 
presented as a series of charts to show the estimated changes in the 
(i) number of axles per commercial vehicle; 
(ii) number of standard axles per commercial axler 
(iii) number of standard axles per commercial vehicle; 
for four traffic levels during the period 1945 to 2005. 
Where axle load spectra data is not available the information in this 
report represents the next best estimate and as such should be used 
for the calculation of both past and future traffic in terms of 
numbers of standard axles. 
1.2.1.3 Directional and Other Effects 
The average values of standard axles per commercial vehicle published 
in H6/ 78(6 )implicitly assumes that these values can be determined solely 
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from the total number of commercial vehicles using a road. Where 
weighbridges have been installed in both carriageways of a road, it 
has been demonstrated that this can be an unrealistic assumption. 
(5) Currer has reported the following values for two sites in which 
traffic in both directions was classified: 
M6 (Birmingham) 
A1 (Alconbury) 
0.43 
0 . 26 
0.52 
0.59 
Details were also given of variations both along a road and in each 
direction: 
A40 (east end) 
A40 (west end) 
0.31 
0.21 
0.36 
0 . 26 
The effect of direction is a significant problem and its importance 
has been shown from the work undertaken on traffic loading as part of 
this project and is commented upon later in the report. 
On multi-lane highways it is necessary to apportion commercial 
traffic to each of the traffic lanes. CUrrer and O'Connor( 7)have 
presented evidence on this, collected from a number of sites in the 
United Kingdom. This information is given in Figure 1.1. 
1.2.1.4 Expressing Commercial Traffic in terms of numbers of 
Standard Axles 
Damage to flexible pavement results from an accumulation of very small 
irreversible changes brought about by the passage of commercial 
vehicles. For this reason the cumulative traffic carried by a road is 
important in determining its present condition and its life expectancy. 
Cumulative traffic expressed as the total number of commercial vehicles 
carried can only be an approximate criterion since it has been seen 
that the constitution of commercial traffic, in terms of vehicle types 
and their degree of loading, varies from road to road. The concept of 
expressing traffic in cumulative standard axles appears to be the best 
method currently available, although it does depend heavily on the 
fourth power relationship. 
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In the full-scale design experiments on which the current British 
design standards are based, the axle load spectrum at each site has 
been used to relate performance with the cumulative number of standard 
axles carried. To use these standards the design engineer has to 
estimate as best he can the cumulative number of standard axles which 
the pavement he is designing will need to carry during its design life. 
If axle load spectra data is not available use should be made of the 
data given in LR910.(?) 
1.2.2 The Climate 
The climate can have a dramatic influence on the performance of a 
flexible pavement, particularly due to its effect on subgrade moisture 
conditions and stiffness of upper bituminous layers. 
The strength of the subgrade supporting a pavement is dependent upon 
the moisture content of the soil expecially in the first few metres 
below formation level. 
The amount of water present is defined by the position of the water 
ta.ble which varies from season to season. In the United Kingdom the 
water table is generally at its highest during the Winter and Spring 
and at its lowest during the Summer. It is when the water table is at 
its highest that the subgrade is at its weakest, and in this weakened 
condition the subgrade is most susceptible to permanent deformation. 
The elastic, deformation and fatigue properties of bituminous 
materials are all temperature dependent. The elastic modulus or 
stiffness decreases with increasing temperature resulting in an 
increase in the traffic imposed stresses on the materials below the 
bituminous layers. This effect means that permanent deformation of a 
flexible pavement is most likely to occur in the Summer when the 
temperatures are at their highest. At lower temperatures bituminous 
materials become increasingly brittle and are more liable to fatigue 
failures under repeated stress. At very low temperatures thermal 
cracking due to tensile failure is possible. This type of pavement 
distress occurs in cold climates where it has been reported that 
such cracking is transverse in character with spacing ranging from 
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1.5 m to 9 m. Very low pavement temperatures can result in 
(15) pavement damage due to heave in the subgrade or sub- base. This 
heave arises not from the expansion of the water on freezing, but 
from a continuous migration of moisture into the freezing zone from 
the unfrozen material below. On certain types of foundation heave 
as great as 80 mm may occur followed by a temporary but often 
considerable loss of strength during the thaw. In the absence of 
noticeable heave, crazing may be evident in some forms of flexible 
pavement. 
1 . 2 . 2.1 Effect of Climate on the Subgrade 
The supporting power of the subgrade soil is dependent upon its 
moisture condition . Under idealised conditions the variation in 
subgrade moisture depends primarily upon the relative position of 
the ground water table if it is within a certain depth below the 
pavement. Variations of the position of the ground water table and 
hence variations of subgrade strength are dependent upon the 
(8) 
climatic conditions experienced. Croney and Bulman presented a 
review of the research work into the effect of climate on the pavement 
layers and subgrade, and decided that subgrade moisture conditions 
could be classified in three main categories detailed below, where 
reference is also made to the methods for estimating subgrade 
strength from the equilibrium moisture condition for each category . 
1 . 2.2.1.1 Category 1 
Under conditions of rainfall and evaporatio~ such that the water table 
forms in the soil within 5 m from the surface, an equilibrium moisture 
condition will develop under an impervious pavement. Reference was 
made to a method( 9) for estimating the equilibrium moisture condition 
from absorption and compressibility characteristics of L~e soil, and 
the position of the water table. 
1.2.2.1.2 Category 2 
Where there is no water table within 5 m of the surface, but the 
climate is such that for several months of the year rainfall exceeds 
19 
moisture l oss, a relatively stable mois ture condition will be achieved 
under an impervious surfacing by a process of moisture exchange to and 
(11 ) . from the verges. Reference was made to a method relat~ng the 
equilibrium condition to soil type, annual rainfall , evaporation rate 
and meteorological factors. The average moisture content and the 
strength of the soil could be estimated using this method. 
1.2 . 2.1.3 Category 3 
In dry arid climates such rainfall as there may be has no influence 
on the moi sture conditions under the road, and the moisture content 
of the subgrade will be close to the average value observed in the 
(12) 
surrounding uncovered soil of the same type. 
(8) Croney and Bulman produced a table to show the effect of climate 
on pavements from data given in the various references quoted; this 
table has been reproduced in this report as Table 1.5. Table 1.5 gives 
details of the probable effect of six different climatic conditions 
on four broad soil types and its inclusion in this report serves 
merely to show the likely magnitude of the change in the material 
strengths as a result of changes in the climate. 
1 . 2.2 . 2 Effect of climate on sub- base and base materials 
(8) As a result of the review of available information, Croney and Bulman 
stated that unl ess the water table in a road structure was very high 
there was no evidence of long term moisture exchange with the subgrade 
sufficient to affect the strengt4 of the sub-base / base layers . The 
point was also made that crushed stone base materials normally had 
a very low moisture content and that there was no evidence to suggest 
that the strength of such materials was influenced by climate . 
1.2 . 2.3 Effect of climate on the bituminous bound materials 
Changes in the properties of the bituminous bound materials are not 
as a consequence of moisture but temperature. The elastic, deformation 
and fatigue properties of bituminous materials are all temperature 
dependent. 
20 
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1.2 . 2.3 . 1 High Temperatures 
The elastic modulus or stiffness decreases with increasing temperature 
resulting in an increase in the traffic imposed stresses on the 
materials below the bituminous layers. This means that permanent 
deformation of flexible pavements is most likely to occur in the 
Summer when the temperatures are at their highest. 
Lister(l))shows this to be the case for flexible pavements with rolled 
asphalt and crushed stone bases. Figure 1 . 2 shows the development of 
deformation in a rolled asphalt pavement and its subgrade related to 
monthly temperature durations with the pavement. 
Figure 1.3 shows the development of permanent deformation in the pavement 
layers and subgrade in a pavement with a crushed limes tone base. The 
results in Figures 1. 2 & 1.3 were obtained from the same road experiment 
and were therefore subjected to the same temperature conditions. 
Reference to Figure 1. 2 indicates that during the three hottest Summer 
months when the rate of deformation in both asphalt pavement and subgrade 
is greatest, a small proportion of temperatures 40 mm below the surface 
are very much higher than the mean value for these months or the mean 
annual temperature , whereas during the five coldest months minimum 
temperatures are much closer to mean temperatures. 
Figure 1 .3 indicates that in a pavement with a crushed stone base 
deformation takes place in all layers of the pavement and in the 
subgrade . For both pavement structures deformation was confined to 
the Summer months and was greater in the Summer of 1969 which was 
known to be warmer than the succeeding one. 
1.2.2.3 . 2 Low Temperatures 
The stiffness of the bituminous material is temperature dependent; the 
lower the temperature the s tiffer the material. At low temperatures 
t he bituminous material of relatively high stiffne ss i s least able to 
resist the horizontal tensile strains caused by the repeat load 
application of the traffic and under these conditions fatigue cracking 
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Figure 1.3 Development of permanent deformation in the pavement 
layers and subgrade in a pavement with a crushed lime-
stone base (after Lister(13~. 
is most likely to occur. 
Laborat ory investigations of bituminous mixtures in flexur e(l4 ) 
shows that the number of load repetitions to cause fatigue failure 
depends upon the magnitude of the tensile strain and that for a 
given tensile strain there exists a corresponding number of load 
repetitions below which fatigue will not occur. 
Fatigue failure of bituminous material does not just occur at low 
pavement temperatures but can occur at any typical temperature under 
the action of traffic . A\.~.-,~"i>"'- '-<.lo t:.<c....\<:>~1 •~:>....J....\., ~"-'o~ .,""-<')~"-« 
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The fatigue life of a particular material includes the length of time 
necessary for the crack to propagate, after its initiation, 
sufficiently to cause failure. Under low temperature conditions and 
correspondingly high bituminous stiffnesses the propagation times 
will be short with the result that the material will fail quicker 
at low temperatures. 
1.2 . 2.3 . 3 . Very Low Temperatures 
At very low temperatures thermal cracking of the bituminous layer 
due to tensile failure is possible. This type of pavement distress 
occurs in areas which experience extremely cold conditions. Details 
of an investigation into low temperature pavement cracking have 
been reported by the Soils and r-1aterials Committee of the Roads and 
T t t . . . f d (15) ranspor a ~on Assoc~at~on o Cana a. 
The reason suggested for this type of failure was that the decreases 
in temperature caused the bituminous material to become stiffer and 
to contract. Because t he bituminous layer is restrained by the 
underly ing layers, the contraction induced stresses often exceeded 
the tensile strength of the material and when this occurs fracture 
results. Analysis of the full-scale experiments revealed that 
24 
generally fracture initiated at the surface when surface temperatures 
reached a minimum. Laboratory and field investigations concluded 
that the major variable involved with low temperature cracking was 
the nature of the asphalt use~and recommendations were suggested 
to limit the asphalt specifications and mix stiffness. 
1.2.2.3.4 Frost Susceptibility 
Very low pavement temperatures can result in pavement damage due 
to heave in the subgrade or sub-base . This heave arises not from 
the expansion of the water on freezing, but from a continuous 
migration of moisture into the freezing zone from the unfrozen 
material below . On certain types of foundation,heave as great as 
80 mm may occur , followed by a temporary but considerable loss of 
strength during the thaw . In the absence of heave, crazing may be 
evident in some forms of flexible pavement. Croney(lG)gives details 
of a freezing test adopted by the TRRL to determine the frost-
susceptibility of different materials. Results show that most road 
materials heave to some extent when subjected to the TRRL freezing 
test . Criteria have been developed to classify material in terms of 
their frost susceptibility . However, these criteria do not take 
into account such factors as the long term effect of the increase in 
stresses in the upper pavement layers,as a result of the weakened 
frost susceptible foundations, and the effect of differential heave 
where pavements join structures etc. 
In countries where frost heave is a major problem investigations have 
been undertaken to determine the effectiveness of various frost 
(17) . 
retarding layers. Andersson has reported the deta~ls of such 
an investigation in Sweden where extruded polystyrene foam , granulated 
expanded clay, mineral wool and pulp mill waste were used as the 
materials for the frost retarding layer . The frost retarding layer 
was positioned between the roadbase and the sub-base. The main 
conclusion from the experiments was that all the frost retarding 
materials tested caused a considerable reduction in the frost heave, 
but most of them were detrimental to the bearing capacity of the 
pavement construction. 
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1.2.3 Design and Construction 
Both the actual design and the construction techniques adopted have 
a great influence on pavement performance. 
1. 2. 3 . 1 Design 
Underdesigned pavements deteriorate at an increased rate resulting 
in premature failure. Underdesign can be due to an incorrect design, 
but it is more likely to be as a consequence of an error in either 
the estimate of traffic or the strength of the subgrade~/o<' 
fH..,_,Q.._.~-\ \~f!-4:,), 
Traffic and subgrade strength are the two criteria used in the UK 
as the basis for designing a pavement structure and errors can arise 
due to unexpected changes in traffic loading, similar to the increase 
in 1972/73 or inadequate soil surveys. 
Underdesigned pavements which fail prematurely will have to be 
strengthened either by the application of an overlay or by 
reconstruction to restore the required level of service. 
1.2.3.2 Construction 
Poor quality materials and/ or construction techniques will have the 
same effect as underdesign, since the pavement will be weaker than 
the designer intended. 
1 • 3 &u<>-.t=Ac...~ MAINTENANCE 
Pavement maintenance consists of remedying and/or preventing road 
surface deterioration so as to maintain initial surface qualities 
in order to keep a pavement at a given level of service. 
The primary objectives of maintenance activities are: 
(i) to restore skid resistance. 
(ii) to restore evenness (to remedy deformed, rutted, disintegrated 
or worn surfaces) . 
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(iii) to maintain or restore impermeability (repair of cracks, 
sealing of joints) . 
Typical maintenance techniques include: patching, surface dressings, 
thin overlays and planing. 
r-1aintenance can be classified on several grounds and distinction can 
be made between 'day to day maintenance' and 'programmed maintenance'. 
1.3.1 Day-to-Day Maintenance 
Some day-to-day remedial maintenance (patching is a main example) will 
always be necessary because deficiencies will occur and emergencies 
arise for a variety of reasons in even the best networks. To maintain 
acceptable safety conditions will always require a level of expenditure 
on day-to-day maintenance which cannot be cut back, and which may see 
a sharp rise following a hard winter. Excessive day-to-day maintenance 
presupposes the acceptance of a relatively low level of service and 
this also may be indicative of an inadequate level of programmed 
maintenance. 
1.3.2 Programmed Maintenance 
Programmed maintenance aims at ensuring an acceptable level of service 
at all times with an absolute minimum of day-to-day maintenance . 
Programmed maintenance presupposes that roads are adequate for the 
traffic they carry. If this is not the case a policy of programmed 
maintenance cannot be implemented until sub-standard pavements have 
been strengthened. 
Programmed maintenance prevents the deterioration of the structural 
characteristics of pavements beyond some defined thresholds of 
defectiveness by ensuring that future traffic requirements are met. 
It also prevents the surface qualities of the pavement (particularly 
evenness and skid resistance) from falling below specified thresholds. 
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1.3.3 Maintenance Techniques 
1.3.3.1 Patching 
With the progressive introduction of programmed maintenance , patching 
operations will be considerably less frequent at least on major roads. 
However it is essential that, in the case of localised damage of a 
surface which is otherwise in good condition, patching be done 
rapidly and be of a high quality. 
Patching can be carried out to maintain minimum service levels over a 
short period on a damaged pavement, for which major repairs have been 
scheduled. 
Patching can be either temporary or permanent, depending upon the 
working conditions and durability required. Patching may be used 
to temporarily remedy the undesirable effects of localised deficiencies 
such as pot-holes , depressions, crazing and single cracks. 
Patching methods vary widely from country to country and according to 
the type of road. Pot-holes can be remedied either by filling in the 
hole as it is, or by cutting and removing the pavement immediately 
surrounding it , so that the edges of the repair are in contact with 
good quality materials over a sufficient depth for it to be supported 
by pavement courses in good condition. 
Comparative tests have shown that high quality patching, although 
initially more expensive , is cheaper in the long run as it is more 
durable and does not require frequent attention. 
1.3.3.2 Surface Dressing 
One of the principal tasks of a maintenance engineer is to preserve 
skid resistance so as to ensure a high level of road safety. 
Resistance to skidding at all speeds depends upon the surface texture 
(micro-texture) of the aggregate particles exposed in the road 
surface, and at high speeds additionally upon the texture of the road 
surface as a whole (macro-texture) • 
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Micro texture Macrotexture 
(texture of the stone) (overall texture of the road) 
Figure 1.4 Defining Microtexture and Macrotexture 
Microtexture is an inherent property of the stone and its scale is such 
that it cannot normally be distinguished with the naked eye; macro-
texture is provided by appropriate construction techniques_. Figure 1.4. 
Microtexture provides frictional resistance between aggregate and tyre. 
Macrotexture aids rapid drainage of water from the surface of the road 
in contact with the tyre. 
Microtexture is lost by the polishing effect of traffic and some 
aggregates polish more readily than others. The quality of stones with 
respect to resistance to skidding is measured by their Polished Stone 
Value (PSV) : 18)a high PSV denoting high quality. 
On roads with bituminous surfacings macrotexture is lost for various 
reasons - physical wear of the aggregates, aggregates being pushed 
into the surface, the bleeding of surface dressings. 
A commonly used method to restore skid resistance is by the application 
of a surface dressing. The method involves spraying the surface of the 
pavement with a suitable binder, followed by hand or machined spreading 
of the chippings . A rubber tyred roller is often used to seat the 
chippings into the binder. The use of surface dressings has been 
criticised for a number of reasons: 
(i) they are affected by climatic conditions. 
(ii) loose chippings can be thrown up, causing damage to vehicle 
windscreens. 
(iii) their contribution to the structural qualities of the pavement 
is nil. 
(iv) there is no improvement in the evenness of the pavement. 
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~evertheless, surface dressings are used because the advantages 
outweigh the disadvantages . Among the advantages of surface 
dressings are: 
(i) speed and ease of laying; 
(ii) low cost; 
(iii) good waterproofing characteristics of the surface obtained; 
(iv) significantly improved skid resistance. 
Because of the reduction in coal tar production in most countries, 
research has focused on the use of bituminous binders and synthetic 
binders and aggregates. 
Binders used include tar bitumens, penetration bitumens, bitumen 
emulsions, cutbacks, fluxed bitumens , bitumens containing synthetic 
material (e.g. elastomers) synthetic binders with epoxy resins. 
Choice of chippings will depend upon the choice of surface dressing to 
be laid and the class of road concerned. Chippings should be hard, 
polish resistant in relation to traffic,· clean and as near regular in 
shape as possible. Correct choice of binder and aggregate is vital 
if the dressing is to be successful. 
1.3.3.3 Thin Overlays (10- 40 mm) 
Thin overlays of bituminous material are used for damaged pavements 
which do not require general strengthening or for pavements which, 
following the necessary repairs, are generally sound but show localised 
weaknesses. 
Thin overlays improve riding quality, remedy rutting, maintain or 
enhance water resistance, restore skid resistance and can generally 
improve the appearance of the road. Achieving the required compaction 
of a very thin overlay remains a major problem and, in connection with 
this, provision need be made for the application of a tack coat to 
ensure adhesion to the existing support. 
Bot rolled asphalt is used in the United Kingdom as the wearing 
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course for the maintenance of all major roads and is progressively 
being adopted for other roads. 
1.3.3.4 Planing 
The technique of planing damaged or deformed bituminous surfacings 
has been used for many years as a pre-surfacing treatment, 
particularly in urban areas where it is necessary to preserve existing 
levels by removing a layer equal in thickness to that being laid. 
During the last few years, however, its use has become widespread 
in a number of countries as a technique in its own right for 
correcting defect surfacings. The machines are fitted with diamond-
studded discs and fall into the following three categories: 
(i) Hot Scrapers: These machines heat the surface by diesel 
oil or propane gas burners and then scrape it with 
oscillating or non-oscillating steel blades. 
(ii) Hot Planers: The heating principle is the same as for 
scrapers, but the surface is milled by a series of 
tungsten carbide tools rotating about a horizontal or 
vertical axis. 
(iii) Cold Planers: These machines mill the surface, without 
heating, using tools rotating about a horizontal axis. 
The application of planing techniques include: 
(a) removal, in one or several passes, of the surfacing 
presenting unsatisfactory characteristics which may or 
may not be followed by the application of a new surface 
course. 
(b) planing of rut e dges, as applicable, followed by the 
application of a new surfacing. 
(c) planing off a thin layer of material showing bleeding. 
(d) planing localised surface irregularities. 
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1. 4 PAVEMENT STRENGTHENING 
Pavement strengthening remedies a structural fault or deficiency, 
either by supplying an additional structural element or by removing 
the cause of the deficiency. It provides the extra structural 
capacity needed to withstand future traffic, particularly commercial 
vehicles. 
Pavement strengthening is usually accomplished by the addition of 
one or more struc tural layers to an existing pavement . Strengthening 
can also be achieved by replacing one or several of the pavement 
layers with new higher quality material . 
1.4.1 Reasons for Pavement Strengthening 
Sections of the existing pavement network may require strengthening 
for one or more of the following reasons: 
(1) Inadequate structural capacity. 
(2) Unacceptable rate or level of structural distress or 
deterior ati on. 
(3) Unacceptable maintenance costs . 
(4) Level of service. 
1 . 4 . 1.1 Structural Capacity 
The structural capacity of a pavement will progressively deteriorate 
with time, under the action of the commercial traffic, to a level 
where it can no longer carry any further traffic . 
Inadequate structural capacity will result at the end of a design life 
when the cumulative traffic loading exceeds that originally estimated 
for design . 
1.4.1.2 Unacceptable rate of Deterioration 
Structural distress or deterioration may increase with age and traffic 
applications to some predetermined <=rit\.c..~\ condition indicating the 
need for pavement strengthening. 
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1.4.1.3 Unacceptable Maintenance Costs 
Clearly, strengthening of a pavement becomes imperative once remedial 
maintenance becomes prohibitively expensive , or when excessive 
resources are involved . The definition of an unacceptable level of 
maintenance costs depends upon several factors including available 
budget and class of road. 
1 . 4.1 . 4 Level of Service 
To a much lesser extent the level of service given by a pavement, 
defined by riding quality and/ or safety, may also be a reason for 
pavement strengthening. Factor s affecting the level of service 
include: skid resistance, evenness, rut depth, alignment etc. 
1.4.2 Types of Strengthening Measures 
The methods used to strengthen flexible pavements can be classified 
under the two main headings of 'overlay with a bituminous material' 
and 'total or partial reconstruction'. 
1.4 .2. 1 Overlaying with a bituminous material 
The most commonly adopted alternativ~ is that of overlaying because 
not only is the structural strength increased but improvements are 
also generally made in the riding quality and/ or skid resistance . 
Overlays are often used as a preventive measure, i.e. to strengthen 
an existing pavement prior to the application of a known increase in 
traffic. Overlays applied to flexible pavements are generally of the 
bituminous type and the thickness required is dependent upon the 
condition of the pavement to be strengthened and the proposed volume 
of traffic. Other factors possibly influencing the thickness of the 
overlay are the available budget and previous experience. 
The number and thickness of the courses constituting the overlay are 
determined by the design thickness and to some extent the irregularity 
of the existing road surface. 
33 
In general strengthening is only carried out in one course if the total 
thickness of the overlay is less than about 100 mm and providing that 
the existing surface is either even or has been regulated beforehand. 
Two layers are most widely used in practice; a base course of variable 
thickness serving both to regulate and to strengthen beneath a wearing 
course of high quality. 
1.4 . 2.2 Total and Partial Reconstruction 
If a pavement is showing signs of serious damage, the existing 
structure is sometimes removed and replaced with new and generally 
higher quality materials. This approach is adopted frequently for 
multi-lane highways where severe structural damage is often confined 
to the lane carrying the majority of the heavy commercial traffic. 
Reconstruction of this lane only can be cheaper than the cost 
associated with the application of a thick overlay which must be 
applied over all the lanes to preserve the necessary crossfall. 
Reconstruction also avoids the problems of bridge clearance and level 
in relation to other roads. 
The extent of the reconstruction will depend upon overall structural 
condition of the pavement and the origin of the weakness . Pavement 
failure due to deterioration of the pavement materials is remedied 
by the removal of the surfacing and base and replacement to the 
original total thickness with materials of higher quality . Pavement 
failure due to deterioration of the subgrade requires a more complete 
reconstruction,including the removal of any frost susceptible 
materials. 
For a particular length of damaged pavement it is often economic to 
reconstruct the comparatively short lengths exhibiting excessive 
deterioration, the limiting length being dictated by the need to 
efficiently operate conventional laying and compaction equipment. 
The adjacent lengths are likely to require some strengthening by 
overlaying and the most satisfactory strengthening solution would be 
to extend the overlay across the reconstructed lengths, thus avoiding 
unnecessary changes in level. 
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2 ASSESS-ING ~AVEHENT CONDITION IN TERMS OF THE DE'i'ERIORATION EVIDENT 
0~ ~E PAVEMENT'S SURFACE 
2.1 INTRODUCTION 
Chapter 1 gave details of the factors influencing pavement 
deterioration and the methods available for remedying both structural 
and non structural weaknesses. 
To be able to decide upon the correct remedial treatment it is 
necessary at first to assess the present condition of the pavement 
structure. 
One method of doing this is in terms of the deterioration evident on · 
the pavement's surface. 
The two main .criteria used to classify the condition of the pavement's 
surface are the degree of rutting under a straightedge laid 
transversely across the carriageway and the extent of cracking. 
Rutting and cracking is usually more predominant in the wheelpaths. 
The conceptof'visually assessing pavement condition, in terms of the 
degree of rutting and extent of cracking, is a simple one; the deeper 
the ruts and greater the extent of the cracking, the weaker the assumed 
condition of the pavement. 
The repet i:tive loading action of the commercial vehicles is the factor 
most influencing pavement deterioration and several full-scale 
. . (19 1) (21 ,22) 
expen.ments ill the USA (WASHO & AASHO) ' and UK · · have been 
undertaken in an attempt to empirically relate axle loads to the damage 
evident on the pavement's surface. 
Of these full-scale experiments the AASHO Road Test(! )was the most 
comprehensive covering a wide range of material~ and layer thicknesses 
and having the distinction of trafficking the pavement sections with 
known single axle loads. 
The concept of Present Serviceability Index (PSI) was introduced for 
the AASHO Road Test to express pavement performance as a measure of 
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the pavement's ability to provide a comfortable and safe ride. Four 
parameters defined PSI; .longitudinal surface irregul~;~7 degree of 
cracking, extent of patching and depth of rutting. The performance of 
the pavement sections was not related to the total construction 
thickness but to an 'equivalent thickness' which was a function of the 
strength of the pavement layers. The relative performance of the 
different pavement sections was expressed as a series of charts 
relating performance in terms of a PSI value to the number of 
applications of the known axle load. From such charts 'equivalence 
factors' were obtained relating the damage caused by one axle load to 
the corresponding damage caused by applications of a 'standard axle' 
load. 
The concepts of 'standard axle' and 'equivalence factors' are of 
extreme importance .because they can be used to convert traffic flows 
in terms of a mixed load spectra into an equivalent number of standard 
axles; a damage criterion. 
(21,22) 
British full-scale experiments were incorporated into major realign-
ments of existing highways, resulting in the pavement sections being 
trafficked by a range of axle loads. The performance of those 
sections was measured in terms of the depth of rutting and extent of 
cracking evident on the surface of the pavement. 
(21,22) 
These full-scale experiments showed that:-
(i) deformation was the principal indication of deterioration 
of flexible pavements' constructions used in the UK. 
(ii) deformation was greatest in the nearside wheelpath. 
(iii) deformation as measured on the pavement's surface is a result 
of component deformations in the constituent layers. 
(iv) Severe deformation was usually accompanied by cracking. 
·Because it was not always possible to measure deformation in relation 
to the original level of the pavement's surface, it is recommended in 
the UK that deformation be measured under a 2 m straightedge placed 
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across the nearside wheelpath. 
2 • 2 AMERICAN FULL-SCALE EXPERIMENTS 
. . (19) (1) Two large scale exper~ments, namely the WASHO and the AASHO road 
tests, were undertaken in the USA during the 1950's to study the 
performance of experimental pavements constructed to a wide range of 
overall thicknesses, when trafficked by repetitions of known axle 
loads. 
2.2.1 The WASHO Road Test 
(19) d The WASHO roa test was started in 1953, ran until 1954 and 
consisted of two identical pavement loops, built in Idaho. The 
performance of the pavements was assessed mainly in ·.terms of the 
permanent deformation which occurred under the action of traffic. 
'Measurements were made in and between the wheel tracks at monthly 
intervals. Observations were also made of the amount of cracking 
which occurred and the elastic deformation measured by the Benkleman 
Beam. 
Results showed that initial rapid deformation under the traffic 
coincided with the highest Summer temperature conditions,when the 
elastic modulus of the asphalt was low and the stresses transmitted 
to the lower pavement layers correspondingly higher. 
Much of the initial deformation was due to compaction of the materials 
by the traffic. This made it difficult to assess the true effect of 
the seasonal variations, because the duration of the test was such 
that the only Summer included was that at the beginning of the test. 
The performance of the sections with 100 mm asphalt surfacings was much 
superior to that of the sections of the same total thickness, but with 
a 50 mm surfacing. 
The amount of permanent deformation was reduced by increasing the 
thickness of the sub-base in all cases. However, the influence of 
the sub-base was less under the 100 mm surfacing than under the 50 mm 
surfacing. 
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Deformation increased with axle load for the sections with 100 mm 
surfacings. The performance of the sections with 50 mm. surfacings was 
more random, suggesting that small differences in the quality of the 
roadbase, sub-base and subgrade were more important than the axle load, 
where the surfacing was thin. 
2.2.2 The AASHO Road Test 
The second large scale experiment was the AASHO road tes01l·which was 
started in October 1958 and finished in November 1960. As with the 
WASHO road test, experimental pavements were laid in loops consisting 
of straight lengths of normal two lane dual carriageway connected at · 
the ends by circular turnabouts. The material used for the pavements 
were similar to those of the earlier test, but the thicknesses and 
axle loads of the test vehicles covered a wider range. Continuation 
of the test for two years allowed the influence of climatic factors to 
be studied more completely than the WASHO test. 
2.2.2.1 Servicability Index 
The concept of 'present serviceability' was introduced to assess the 
performance of the AASHO pavements under the action of traffic. The 
adoption of such a concept effectively ruled out any direct comparison 
between the results obtained from both tests. 
Performance expressed in terms of present serviceability was not 
directly related to the structural condition defined by rutting and 
cracking. The concept was based upon the principle that the road user 
was not directly interested in the amount of deformation or cracking 
present in the pavement over which he drives; he was primarily 
interested in the ability of the road to provide a comfortable and safe 
ride. 
A panel of drivers were used to assess the acceptability of a number of 
test lengths in different parts of the USA. Their mean opion was used 
to define the Present Serviceability Rating (PSR) of each section. 
The conclusion reached was that a PSR 2.5 represented the critical 
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condition likely to require an overlay and PSR = 1.5 represented the 
condition of a pavement unfit to carry further traffic. The PSR = 2.5 
value for heavy duty highways was reduced to PSR = 2.0 for secondary 
low traffic highways. 
The following observations were made on the sections to give the 
Present Servfceability Index (PSI) on a scale in close agreement with 
the subjective PSR. 
The four observations made were: 
(i) longitudinal surface irregularity - SV X 1()6 
(ii) degree of cracking, measured over an area of 100 ft' 
-c 
(iii) extent of patching, measured over an area of 1000 ft' -P 
(iv) depth of rutting, average of both wheel tracks -rtD 
The equation used to evaluate PSI was 
PSI = 5.03 ~ 1.91 log (1 + SV) - 1.38 RD' - 0.01~C + P 
Immediately after construction a new road should have a PSI = 5. In 
fact, for the flexible pavements at the AASBO test the initial PSI 
was equal to 4.2. 
2.2.2.2 Structural Number and Equivalent Thickness 
To express the relation between pavement behaviour and its structure, 
a structural number, or thickness index, was defined in terms of the 
thicknesses and types of material used for the surfacing, the roadbase 
and the sub-base. 
where a 1 , a 2 and a 3 are coefficients of equivalence of different 
materials and o1 o2 and o3 are the thickness of the surfacing, roadbase 
and sub-base respectively. 
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For the materials used for the AASHO road test, asphalt concrete 
surfacing, crushed stone roadbase and_ sandy gravel sub.:.base, the 
relation found was: 
0 = 0.440 1 + .0.1402 + 0.1103 • 
This relationship suggests that unit thicknesses of surfacing was three 
times as effective as the same thickness of roadbase and four times as 
effective as the same thickness of sub-base material. 
The concept of 'equivalent thickness' related to the granular roadbase 
material can be obtained by taking a 2 = 1 and by maintaining the same 
a a 
ratios of 1/a2 and 3/a2 . 
For the AASHO experiments this gives 
Thus it can be concluded that for a given traffic intensity and a given 
subgrade, the behaviour of a surfaced road depends not upon the total 
pavement thickness but on the 'equivalent thickness' obtained by adding 
the total individua~thicknesses of the layers, each thickness being 
weighted by a coefficient of equivalence, itself a function of the 
rigidity of the material forming this layer. 
2.2.2.3 Assessment of Performance 
Pavement performance was assessed in terms of the Present Serviceability 
Index, measured at 14 days intervals, and the relationship between axle 
load applications and PSI obtained. 
To take account of the weakening of the subgrade after the winter thaw 
and other seasonal effects, a concept of 'weighted' load applications 
was developed to enable deterioration to be assessed in terms of 
'average' load applications. 
The shape of the curves relating PSI and the number of weighted 
applications of axle load w for all sections were analysed 
statistically and a model to fit the data was determined. 
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The model arrived at was: 
s 
PSI 4.27 - 2. 7 (_!!) .. 
p 
where S and P are functions of the structural number D and the axle 
loads. 
Therefore, for a particular subgrade and traffic intensity the 
appropriate value of W can be found for any PSI between 1 and 5. This 
relationship was used to determine, for any value of PSI, the curve 
re~ating D and W for each of the 10 axle loading conditions used for 
the AASHO road test. Figure2.1 shows the relationship between 
thickness index (structural number) and number of load applications 
for PSI values of 1.5 and 2.5. 
From such curves 'equivalence factors' were obtained relating the 
damage caused by applications of one axle load to the corresponding 
damage caused by applications of a 'standard' axle. The standard axle 
load adopted was 18,000 lb (8160 kg), so that the equivalence factor is 
the ratio of the number of applications of an 18,000 lb axle to the 
number of applications of the test axle to give the same terminal PSI 
value. Definitions and details of the terms 'equivalence factor' and 
'standard axle' are given in Chapter 1 of this report. 
Equivalence factors derived from the AASHO test data were first 
(20) 
published by Liddle and are reproduced as Table 2.1. 
The structural capacity of each pavement section was expressed in terms 
of the structural number; the higher the structural number the greater 
the structural capacity. 
Table2.1clearly shows the superior performance of sections with a 
higher structural number by the correspondingly lower equivalence 
factor, indicating that the stronger the pavement the greater the 
number of required applications of a standard axle to result in the 
same amount of damage. 
The relative performance of the materials in each pavement section was 
determined in this way. 
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2.2.2.4 Observations from the experiments conducted in the USA 
Performance expressed in terms of the concept of present serviceability 
(PSI) is not directly related to the pavement condition defined by 
rutting and cracking. 
The reason being that the·P~I concept.is based upon the principle 
that the road user is not directly interested in the amount of 
deformation or cracking present in the pavement over which he drives; 
he is primarily interested in the ability of the road to provide a safe 
and comfortable ride. An assessment of the longitudinal surface 
irregularity(SV)is used as the riding quality input into the present 
serviceability equation. 
Croney( 16 aescribes how the value of the SV assumes a much greater 
importance than the other variables in determining the level of PSI. 
Consider two pavements with the same value of SV, one of which showed 
no cracking or patching and the other with a surface covered with 
cracking or patching. Substitution of the relevant values into the 
PSI equation would show a difference of only 0.3. Similarly, a 
difference of rut depth between 0 and 10 mm would affect the PSI by 
only 0.4. 
Because of the statistical nature of the equations this does not mean 
that cracking and rutting are not important, since they will affect 
the value of sv. It does mean, however, that the PSI equation cannot 
be directly used in comparing the AASHO road test results with those 
from other experiments, in which rutting and cracking have been used as 
the criterion of structural performance. 
The important concept of .expressing the damaging power of a traffic 
flow of varying axle loads in terms of a number of standard axles, 
derived from these performance studies, is commented upon in Chapter 1. 
2. 3 BRITISH FULL SCALE EXPERIMENTS 
Similar full scale design experiments were also undertaken in the 
0 d 0 d (21, 22) 0 Un~te K~g om. These experiments were normally carr~ed out on 
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heavily trafficked roads with advantage being taken of road 
improvement schemes in order that the sections were laid on newly 
prepared subgrade and not on foundations which had a'lready been 
subjected to traffic stresses. 
Each site was used to investigate the performance of one or more base 
materials under various types and thicknesses of bituminous surfacings. 
The objective of these experiments was different to that of the WASHO(lg) 
and AASHO(l)road tests, in that the performance of each section was not 
related to a single known axle load but to a combination of axle loads 
which made up the daily traffic flow. Frequent traffic counts were 
made and on certain sections these were accompanied by regular axle 
weighings. 
2.3.1 Assessment of Performance 
The performance of the sections was judged primarily on the 
deformation caused by the traffic and the degree of cracking which 
developed. Permanent deformation of about 25 mm was adopted as one 
criterion for failure, fatigue cracking arising from heavy axle loads 
on thin pavements was the other. The failure criterion for permanent 
deformation of 25 mm was chosen because experience in the United 
Kingdom indicated that highway authorities normally undertook repair 
work on roads when the permanent deformation was of this order. 
Permanent deformation was measured by observing periodically the 
levels of rows of studs located in the surface of the road; the 
individual studs in each row being set at 300 mm intervals transversely 
across the carriageway. Three or more rows of studs were used in 
each experimental section making it possible to determine the total 
deformation of the pavement and where, with respect to the width of 
the carriageway the maximum deformation had occurred. 
Results indicated that the deformation was much greater in the nearside 
slow lane,carrying the bulk of the heavy commercial traffic, than in 
the fast lane. Tracking in the wheelpaths was also apparent in both 
lanes, but.the maximum deformation occurred in the nearside wheelpath 
of the slow lane. This was reported as being a noticeable feature 
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with all forms of construction used and appeared at all of the 
experimental sites. 
Performance data was expressed in terms of the permanent deformation 
and the corresponding number of days for which the sections·had been 
trafficked.Figure 2.2 illustrates the effect of (a) thickness and 
type of base and (b) type and thickn~ss of surfacing on the 
deformation in the nearside wheelpath. 
The most important conclusion reached from these experiments was that 
the type of surfacing and base was more important in determining the 
performance of flexible pavement than the overall thickness of the 
pavement itself. This, and other conclusions, formed the basis of 
the recommendations for flexible pavement design in the United Kingdom. 
2.3.2 Observations \<"o""the experiments conducted in the United Kingdom 
Deformation or rutting provides the principal indication of 
deterioration in flexible pavements. It develops chiefly in the wheel 
tracks of the left hand lane, where the commercial traffic is 
concentrated. The deformation is greatest in the nearside wheelpath 
due probably to the tendency of drivers to keep the nearside wheels 
of commercial vehicles at a constant distance from the verge. The 
offside wheelpath is less canalised because of the different widths of 
vehicles. 
Deformation increases with the cumulative amount of traffic carried by 
the pavement. 
The total deformation measured at the surface of the pavement is the 
result of the component deformations in the constituent layers and the 
subgrade. 
Shear, viscous flow, compaction and consolidation can all cause 
deformation. 
Flexible pavements once opened to traffic will exhibit an initial rapid 
increase in deformation of a few millimetres due to compaction of the 
pavement layers. A well designed pavement will thereafter show only a 
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small increase in deformation with time (1-2 IIIIl1 per year), although 
the rate depends upon the volume of commercial traffic carried. 
Underdesigned pavements will show a larger .increase in deformation 
with time. 
Severe deformation is generally accompanied by cracking in the wheel-
paths. For a road in this condition rapid deterioration is likely to 
follow because the cracking allows moisture to enter the road 
structure. 
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3 ASSESSING PAVEMENT CONDITION IN TERMS OF THE MAXIMUH DEFLECTION 
OF THE PAVEMENT'S SURFACE 
3.1 INTRODUCTION 
A more fundamental approach to the problem of assessing the present 
condition of a flexible pavement structure would require some measure 
of pavement strength. 
Ideally the strength would be measured as the response of the pavement 
structure under a given load, expressed in terms of the stresses and 
strains developed in each layer. 
People became increasingly aware of the need for such information in 
the 1950's, but the lack of knowledge about the real stress-strain 
behaviour of roads at that time meant that an alternative approach was 
required. 
The method adopted was the simple in situ measurement of the maximum 
deflection of the pavement's surface under a standard load. 
The maximum deflection of the pavement's surface was selected as an 
indicator of pavement condition because investigations( 23 had shown that 
it was dependent upon the stress and strain characteristics of the 
pavement materials and underlying subgrade and, as such, was ekpected 
to correlate in some broad sense with pavement strength and performance. 
Several different pieces of equipment were developed to measure 
0 (24-34) 
maximum deflect~on and these are briefly commented upon in this 
chapter. Maximum deflection, as a measure of the response of the 
pavement materials and subgrade to a given load, can be influenced by 
changes in material strength·< 26 • 29 land load application.< 26 •29 •37 l 
The possible influence of these changes on maximum deflection are 
considered, together with the methods derived to compensate for their 
effect. 
Empirical relationships have been developed in the United Kingdom< 36 l 
and elsewhere(!) 'between maximum deflection and pavement performance. 
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Brief details are given of the work by TRRL that has resulted in different 
deflection and performance relationships being developed for pavements 
incorporating the four main roadbase types used in the United Kingdom. 
These relationships have been 
evaluation and overlay design 
included into a flexible 
(35) procedure that can be 
pavement 
used, together 
with a knowledge of the present deflection and traffic levels, to 
estimate the remaining life of a pavement and, where necessary, design 
an overlay to extend the life of a pavement. 
Analytically based flexible pavement evaluation and overlay design 
(32 40 41) procedures have also been developed .' ' and are commented upon. 
These procedures identify the vertical compressive strain at the top of 
the subgrade and the horizontal tensile strain at the bottom of the 
bituminous bound layer as the two criteria for assessing the behaviour 
of the pavement structure. 
These parameters were selected because the vertical compressive strain 
controls the permanent deformation of the subgrade and horizontal 
tensile strain controls the cracking of the bituminous material. 
To use these procedures for assessing pavement performance requires a 
measure of the existing values of these strains. However the 
measurement of these strains in the field would be difficult and, for 
this reason, a measure of the deflected shape is used to characterise 
pavement condition. Deflected shape measurements are used, together 
with theoretically based relationships between deflection and 
performance, to assess the remaining life and, where necessary, design 
an overlay to extend the remaining life. 
The main advantages of using maximum deflection as an indicator of 
structural condition are the relative simplicity with which the 
measurements can be made, the large amount of experimental data which 
now exists, and the strong correlation that has been found between the 
level of deflection and the overall pavement performance. 
The main disadvantages are that as a single parameter it does·not 
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reflect the overall. deflected .shape and, as such, cannot differentiate 
between changes in the pavement properties and change in the subgrade 
properties. 
An alternative parameter, more closely related to the condition of the 
pavement, is therefore required; the use of the deflected shape of the 
pavement's surface for this purpose is explored in Chapter 4. 
3.2 MAXIMUM DEFLECTION 
Maximum deflection is a measure of the response of the pavement and 
subgrade to a given load, and can be recorded as either a static or 
a dynamic deflection depending upon the loading technique associated 
with the measuring equipment. 
Static deflection is defined as the vertical displacement of a point 
on the surface of a pavement when a load passes over it, Figure 3 .1. 
Figure 3.1 Maximum Deflection of the Pavement's Surface 
Static deflection is recorded as being either a total deflection or a 
rebound deflection depending upon the technique adopted. Total 
deflection is measured as the wheel approaches the measuring device, 
and rebound deflection is measured as the wheel moves away from the 
measuring device. 
Dynamic deflection is the.vertical displacement of a point on the 
pavement under the action of a time varying applied load. Unlike 
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static deflection, which is represented by a point, dynamic deflection 
is represented by a curve with the amplitude expressed in terms of the 
frequency of application of the load. A particular deflection value 
for a given frequency can be determined from the curve. 
3.3 EQUIPMENT FOR MEASURING DEFLECTION 
Several different pieces of equipment have been developed to measure 
deflection of a pavement's surface and these generally fall into two 
categories. 
Those which measure the displacement of the road's surface under the 
action of a rolling wheel load are known as ROLLING WHEEL TECHNIQUES. 
Those which measure the displacement under a single or repeat pulse 
load are known as STATIONARY LOADING TECHNIQUES. Considering each of 
these techniques· in more detail: 
3.3.1 Rolling Wheel Techniques 
Use of rolling wheel techniques involves the measurement of the 
maximum deflection or displacement of a point on the pavement under 
the action of a rolling wheel load. The main~r~ticism levelled at 
this particular technique is that normal traffic does not move at the 
creep speed adopted for the test and that the dynamic response of the 
bituminous materials, whose"stiffness is frequency dependent, is 
therefore not properly characterised. 
The strength of this criticism depends upon the conditions in which 
pavement damage takes place. In the United Kingdom much of the damage 
is caused by deformation of the pavement layers and underlying subgrade. 
This takes place in warm and hot weather when the moduli of the 
bituminous layers are low, because the stiffness of the bituminous 
material is also temperature dependent. 
Research has shown that similar moduli are obtained when deflections 
are measured at creep speeds under the moderate pavement temperatures 
used for the sake of practical convenience, to those obtained under 
normal vehicle loading speeds at higher temperatures when the majority 
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of the damage occurs. 
Another characteristic of such techniques is that the displacements 
measured with the rolling wheel techniques tends, due to the geometry 
of such systems, to be related but not equal to the absolute deflection 
of the road's surface. 
3.3.1.1 Deflection Beam 
The design of the Deflection Beam~ 24 based upon that of the Benkelman 
Beam and developed at the Transport and Road Research Laboratory, is 
illustrated in Figure 3.2 and is the one recommended for use in the 
United Kingdom. 
The equipment consists of an aluminium alloy beam sufficiently slender 
to pass between the dual rear wheels of a loaded truck. It is 3.66 m 
in length and is pivoted at a point 2.44 m from the tip giving a 1:2 
length ratio. The pivot is carried on a frame made :of aluminium 
angle supported by three adjustable legs. The frame also carries a 
dial gauge arranged to measure the movement of the free end of the beam. 
Vibration of the beam to minimise sticking at the pivot during recording 
is achieved by an electric 'buzzer' mounted on the frame close to the 
pivot. To ensure that the beam is moving freely it is desirable to 
calibrate it before use. 
This manual method of measuring deflection is relatively slow; taking 
measurements at 10 m intervals, only 1 kilometre of road can be 
surveyed in a working day. Details of the Deflection Beam are given 
in the Transport and Road Research Laboratory's Report 83J 25 land the 
operating procedures for its use in the United Kingdom presented in 
(26) Report 835. 
The main drawbacks with this equipment are: 
(i) the effect on the measured deflection caused by the movement 
of the beam supports resting in the deflection bowl; 
(ii) low speed of operation reduced its feasibility as a routine 
evaluation tool. 
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3.3.1.2 Travelling Deflectometer 
(27) The Travelling Deflectometer, shown in Figure 3.3, has two deflection 
beams mounted on a travelling frame, which can be so placed that the 
deflections resulting from the load carrying dual wheels can be 
measured automatically. 
The dual wheel loading is 33 kN, the speed 1 km/h and a measured road 
length of 3-4 km per day (between 1500 and 2000 individual deflection 
measurements at 6 m intervals) is reported~ 28 ) 
The whole influence line determined with this equipment is recorded on 
chart paper as the wheel approaches the beam tip. 
Equipment of this type has also been constructed by the National Road 
Laboratory in Denmark and is known as the Travelling Deflectograph~ 29 l 
Figure 3.4 shows the measuring procedure (one cycle) used for the 
Danish Travelling Deflectograph. The total length of the truck-semi-
trailer is about 15 m. The Deflectograph travels at a constant speed 
of 1.5 km/h, whereas the reference frame moves discontinuously. During 
a measurement the reference frame stands on the road on four wheels and 
is completely independent of the semi-trailer. Measurements are made 
in both wheel tracks every 11 m usually ~ith a 39 kN wheel load, 
al~~ough a 64 kN wheel load is also possible. The total influence line 
is recorded on magnetic tape and a computer programme is available 
which provides the output data, firstly as maximum deflection and then 
as a measure of the radius of curvature. This system is capable of 
about 2000 measurements per day. 
3.3.1.3 The Deflectograph 
(25,30) 
The Deflectograph consists essentially of two automated Deflection 
Beams, one operating with each pair of loaded dual rear wheels of a 
two axle lorry. The version shown in Figure 3.5 is based upon the 
original Deflectograph, designed by M. Lacroix in 1956 at the 
Laboratoire Central des Ponts et Chaussees in France. 
This equipment operates within the wheel base of a standard rigid 
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wheel base lorry and is thus shorter and more manouverable than the 
deflectometers. 
The beam mechanisms are mounted on a common frame to form the beam 
assembly located directly beneath the lorry and the deflection of the 
road is measured as the rear wheels approach the tips of the beams, 
which during this period are at rest in contact with the road surface. 
After the maximum deflection has been recorded by electrical 
transducers near the beam pivots, the beam assembly is pulled forward 
on steel skids, at about twice the speed of the vehicle, by an 
electromagnetic clutch and winch system, to the initial position 
appropriate for the next cycle. An arrangement of guides ensures that 
the beams are 'aimed' at the centre of the space between the rear twin 
tyres even when the vehicle is negotiating bends. 
The working speed of the Deflectograph is about 2 km/h giving a maximum 
surveyed length of about 10 - 16 km, representing 2500 - 4000 readings 
per day in each wheel path, although outputs of up to 22 km per day 
have been achieved by commercial firms. The spacing between each 
measurement is fixed at 4 m unlike many other types of equipment which 
can test at any selected spacing. 
The main drawback with this equipment is the effect on the measured 
deflection caused by movement of the beam and reference frame supports, 
brought about by the loaded front and rear axles. The non-absolute 
nature of the measurements is only a problem when comparing deflections 
measured with other pieces of equipment; the problem does not exist if 
the deflection measurements are used in conjunction with strengthening 
design procedures developed on the basis.of Deflectograph deflection 
measurements. 
3.3.2 Stationary Loading Techniques 
Use of stationary loading techniques involves the measurement of 
dynamic deflection, which is essentially the vertical displacement of 
a point on the pavement under the action of a varying applied load. 
The load is transmitted to the pavement through one or two bearing 
points and is generally much below the maximum permitted axle load. 
The load is applied at one or several frequencies. 
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Unlike static deflection, which is represented by a point, dynamic 
deflection is represented by a curve, indicating pavement reaction, 
with the amplitude of the deflection expressed in terms of the 
frequency of application of the load. A particular deflection value 
can be determined for a given frequency from the curve. The pulse 
loads associated with these techniques generate stresses and strains 
within the pavement which differ in several aspects from those 
generated by the rolling wheels of traffic and the measured deflections 
are consequently affected. 
3.3.2.1 Plate Bearing Tests 
Plate Bearing Tests( 31 )consist of an almost static load applied to a 
circular loading plate by a hydraulic jack. During the test the: 
vertical deformation of the pavement is measured. There are several 
test methods and the result obtained depends upon the equipment used, 
load, loading time, duration of load application, stiffness and 
diameter of the plate etc. 
Repeated static plate bearing tests, to determine pavement layer 
properties and deflections, are commonly used in Denmark and Finland. 
The plate diameter is about·0.3 m; loading is·usually up to 59 kN and 
the number of repetitions between 3 and 10. The deflection is 
measured through the centre of the plate. The repeated rebound 
deflection is used for calculation of stiffness values. The testing, 
capacity of this equipment is limited, especially with the more 
complicated procedure and is of the order of 2 to 10 measurements per 
day. 
3.3.2.2 Falling Weight Deflectometer 
( 32) 
With the Falling Weight Deflectometer a pulse load is applied by a mass 
falling on a set of springs which are mounted on a rigid circular plate 
resting on the pavement's surface. Reference to Figure 3.b shows the 
Falling Weight Deflectometer mounted on a small trailer containing the 
power supply and towed by a vehicle carrying the recording equipment. 
The falling mass weighs 150 kg and the maximum force developed is 60 kN 
60 
(32) 
Figure 3 . 6 The Falling Weight Deflectometer 
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at a drop of 0.4 m with a pulse width of 28 ms. The load pulse is 
transmitted to the road by means of a circula~ plate 0.3.m in diameter. 
The deflection of the pavement is measured by means of velocity 
transducers, one in the centre of the loaded area and 
ri ... t..at a fixed distance&from the load. 
The response of the pavement to the load is characterised not only by 
the maximum deflection but also by the shape of the deflection bowl. 
A parameter Qr is used to define the ratio of the deflection at a 
distance r from the load to the deflection under the centre of the test 
(32) load. Claessen, et al,- state that the parameter Qr was chosen 
instead of the radius of curvature, because Qr can be measured more 
easily with this equipment. 
A total number of 80 measurements per day is reported. 
3.3.2.3 The Dynaflect 
The Dynaflect equipment was developed in 1965 by the Lane-Wells 
Highway Products Company of Houston, Texas5 33~e Dynaflect is an 
electromechanical system for measuring the dynamic deflection of the 
road's surface caused by an oscillatory load. Measurements are 
independent of a fixed surface reference. The extent of the deflection 
basin of a flexible structure can also be defined. 
Figure 3,7 shows the Dynaflect system. It comprises a dynamic force 
generator, a set of motion sensing devices mounted on a small trailer, 
and a motion measuring system which is normally carried in the towing 
vehicle. The generator produces a vertical force which varies 
sinusoidally at the rate of 8 Hz. The total force applied to the 
road surface consists of the static weight of the apparatus plus the 
dynamic force which alternately adds to and subtracts from this weight. 
The peak to peak excursion of the dynamic force is 1000 lb. This 
force is applied to the road through a pair of rigid wheels, which 
causes it to deflect downwards and upwards in phase with the 
repetative force. The acplitude of this motion is sensed by geophones 
which are lowered into contact with the surface at various distances 
along the trailer tow bar from the point of application of the force. 
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An adjustable measuring range of between 200 mm and 2300 mm along the 
tow bar permits the shape of the deflection basin to be determined. 
A remote controlled lift mechanism in the trailer moves the force 
generator, with its steel wheels, in or out of contact with the ground. 
When out of contact, the trailer is supported on rubber tyres for 
travel at normal vehicle speeds. With the steel wheels down and rubber 
tyres lifted, the trailer may be moved short distances from one 
measuring point to anoth.er-,· at speeds up to 6 miles per hour. The 
sensors are raised and lowered by remote control to enable such moves 
to be made quickly. 
The deflection data is recorded on a data sheet by the operator in the 
tow vehicle. The visual condition of the road surface adjacent to the 
point of measurement is recorded, together with information relating 
the point to the edge of the carriageway and nearest identifiable 
event. It has been reported that 150 different locations on an 
airport runway were obtained in an eight-hour day. Measurement on 
highways varied from 54 to 71 different locations in five hours, 
depending upon the traffic volume and degree of personnel protection 
required. 
The main drawbacks of the system are: 
(a) the low force level which does not represent heavy traffic, 
(b) a fixed frequency of 8 Bz sometimes produces resonance. 
3.3.2.4 The Road Rater 
The Road Rater( 34 )is powered hydraulically and controlled electronically. 
It attaches to the front of a van or a truck and serves as a means of 
measuring a road's strength by the application of a dynamic load 
superimposed over a static load. In the working mode, the unit is 
hydraulically lowered onto the road's surface and adjustable static 
pressure is applied. Dynamic load is then applied through a steel 
mass at either 10, 20, 25, 30 or 40 Bz upon actuation of the hydraulic 
vibrator. 
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Two upper air springs are designed to minimise vibratory feedback into 
the vehicle and the ,six lower air springs centre and transfer the 
dynamic load onto the surface through two 180 x 100 mm steel pads. 
A static load of 500 kg and frequency 25 Hz are normally used. The 
road's deflection profile, measured by four velocity sensors housed in 
a boom and spaced 0.31 m apart, is visually displayed on instrumentation 
located inside the vehicle. 
Once deflection readings are noted either manually or automatically, 
the unit is raised off the pavement's surface and moved to the next 
testing spot. 
About 300 measurements at a single frequency or, alternatively, 100 
at three frequencies are possible in a working day, the number being 
dependent upon the spacing of the points of measurement. 
3.4 FACTORS AFFECTING DEFLECTION 
Deflection is a measure of the response of the pavement materials and 
the subgrade to the applied load and, as such, can be influenced by 
changes in material strength or load application. Material strength 
is affected by environmental conditions; temperature will affect the 
stiffness of bituminous bound materials and the moisture conditions 
. 
will affect the strength of the subgrade. The magnitude of the· applied 
load, rate of loading and the system of loading will all influence 
the measured value of deflection. 
3.4.1 The Effect of Temperature 
The temperature of the bituminous layers of a road influence greatly 
its stiffness and therefore the magnitude of the measured pavement 
(26) 
deflection. Figure 3.8, after Kennedy, shows the change of 
deflection with temperature measured 40 mm below the road surface for 
different types of flexible pavements. Pavements with uncracked 
cement bound bases appear to be least affected, whereas pavements with 
crushed stone bases show the greatest rate of change of deflection with 
temperature, or temperature susceptibility; the two bases containing 
bituminous material, whose temperatures susceptibilities were 
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intermediate, had the greatest proportional change of deflection with 
temperature, as would be expected of pavements whose stiffness was 
almost entirely derived from temperature-susceptible materials. 
It is clear from Figure 3.8 that a correction procedure was needed to 
allow the comparison of deflection measurements made on pavements at 
different temperatures. Extensive studies carried out by the TRRL on 
their full scale pavement design experiments has led to the formulation 
of charts suitable for correcting deflections to a standard 
temperature of 20°C. These charts are included in the flexibl~ 
1 . d th . d . h - (35 ' d 1 . . pavement eva uat~on an streng en~ng es~gn met oa an se ect~on ~s 
dependent upon the thickness and type of bituminous materials present 
in the pavement. 
(26) Kennedy makes the point that at temperatures greater than about 30°C 
the pushing up of the softened surfacing material between the dual rear 
wheels can mask the normal linear increase in deflection with 
temperature. The temperature correlation charts detailed above cannot 
be extrapolated beyond 30°C and therefore this temperature should be 
regarded as the maximum operating temperature in the U.K. Kennedy< 26 l 
also states that at low temperatures the relations between deflection 
and temperature converge in such a way as to reduce greatly the 
accuracy with which deflections measured at low temperatures can be 
corrected to equivalent values at the standard temperature at 20°C. 
3.4.2 The Effect of Subgrade Strength 
(36) 
Experience from the TRRL full scale pavement experiments has shown that 
the subgrade moisture conditions will vary throughout the year and the 
relative movement of the water table will be reflected in changes in 
the strength of the subgrade and hence in the measured value of 
deflec~ion. Evidence suggested that the Spring and Autumn periods were 
the most satisfactory periods of the year for carrying out deflection 
surveys. During these two periods the yearly variation in subgrade 
moisture conditions and hence subgrade stiffness was generally small 
and temperatures normally lie within a satisfactory range. Similar 
conditions in respect of subgrade condition have been reported 
elsewherJ 29 land Fjgure 3.9 shows the effect of the season on the 
measured value of the dynamic deflection. 
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3.4.3 Effect of Vehicle Loading and Test Speed on Static Deflection 
Static deflections are normally measured under the action of loaded 
dual wheels and variation in either the loading on these wheels or the 
loading of the front wheels will affect the magnitude Df both the 
pavement deflection and the recorded deflection. A simple correction 
factor can be employed to adjust the recorded deflection ~f the wheel 
load differs by only a small amount f"rom that specified. 
The crossfalls normally used in modern road construction in the U.K. 
of 1 in 40 does not produc·e a significant change in loading. ' 26 ) 
. However, redistribution of load on superelevated curves could become 
substantial and a guide to the changes in wheel loadings which can take 
. . (26) place ~s g~ven by Kennedy. The effect of larger variations in load 
on measured deflection is less well defined. 
. (37) L~ster and Jones have shown that the elastic modulus of some 
pavement materials and subgrades depend upon the rate at which they are 
loaded; the modulus increasing with increased rates of loading. This 
is reflected in a decrease in the deflection measured with increasing 
vehicle speed. 
It follows that it is necessary to standardise the magnitude of the 
applied load and rate of loading,and recommendations are usually 
specified for the test vehicle concerning the loading of the front and 
rear wheels, wheel base, tyre pressure and size, contact area and 
vehicle speed. 
3.4.4 The Effect of the Magnitude of the Load and the Rate of Loading 
on the Dynamic Deflection 
The magnitude of the applied load will affect the measured value of 
dynamic deflection (Figure 3.10) and a standard value is adopted for 
most pieces of equipment designed to measure dynamic deflection, e.g. 
the falling weight deflectometer applies a mass of 150 kg from a height 
of 400 mm. () 2 ) 
Dynamic deflection also depends upon the frequency with which the load 
(29) . is applied to the pavement's surface. Operat~on of the equipment at 
69 
" 
' 
' 
' 
' 
' 
' l 
' 
' : 
: 
1,1--~ 
10 
.~ ... 
..... 
.. .. .. ... 
Figure 3.10 For the same structure the value of the dynamic 
deflection depends upon the applied load and the 
amplitude depends upon the frequency.(29) 
Dlllecllon I.Ot 1m11 
17,.1 ------------.. ---.;-..... _ 
.... 
' 
s.arteV••ao 
' 
' 
' 
' I 
: 
' 
core,.• 
! 
.. 
" 
,. t (Hzl 
" 
.. lll .. ., .. 70 .. .. 
"" 
Figure 3.11 The same apparatus gives different curves for 
different structures, hence it is difficult to 
work with one frequency. (29 l 
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a single frequency on all pavement structures is therefore not 
recommended (Figure 3.11). 
3.5 EVIDENCE OF AN EMPIRICAL RELATIONSHIP BETWEEN DEFLECTION AND 
PERFORMANCE 
The use of the parameter maximum deflection as an indicator of 
structural strength was based upon the apparently valid assumption 
that it was closely related to the level of stresses and strains 
developed in a pavement structure. On the basis of this assumption 
(36·) (1) 
work was undertaken in the United Kingdom · and elsewhere to 
develop empirical relationships between deflection and pavement 
strength. 
3.5.1 AASHO Road Test 
The fifth objective of the AASHO Road Test (1) called for relationships 
that would link measured deflection values with the prediction of 
future pavement performance. Deflections of flexible pavements 
proved to be highly effective. 
The conclusions arrived at were: 
(i) Deflections taken during the Spring when the sub-surface 
conditions were adverse gave a better prediction of,pavement 
life than those taken in the Autumn. 
(ii) There was a high degree of association between deflection 
and rutting. 
All of the deflection data were analysed and a model found by.which the 
life of a pavement to a given level of serviceability could be estimated 
satisfactorily, provided that both load and deflection were included 
in the function. 
3.5.2 British Full Scale Experiments 
Details of the studies to investigate the relationship between 
deflection and performance by the TRRL in the United Kingdom have been 
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~6·) 
given by Lister and are commented upon at length in Chapter 9 
of this report. 
(3&) Evidence was given by Lister that the long term performance of a 
flexible pavement was related to the magnitude of the transient 
deflections which occur under a rolling wheel load moving at creep 
speed. This relationship was determined from data collected from the 
full scale pavement design experiments over a period of about 15 years 
and expressed in the form of deflection histories (Figure 3 •. 12). 
3.5.2.1 Deflection History 
The deflection history of a pavement relates the deflection measured 
under a standard wheel load at standard conditions of pavement 
temperature to the life of the road (in terms of standard axles) and 
its condition, determined principally by.the permanent deformation and 
cracking in the wheel paths. -The deflection histories thus derived 
enabled the development of critical conditions within the pavement, 
when strengthening of the road was most appropriate, to be related 
to the deflection behaviour under traffic. Critical conditions were 
defined by the depth of rutting and the extent of the cracking evident 
on the pavement's surface. 
3.5.2.2 Deflection and Traffic Relationships 
Figure 3.13 shows the relationship between deflection and traffic up to 
the onset of critical conditions in sections with rolled asphalt bases. 
Use of this figure enables the unexpired life of a pavement to be 
estimated, at any stage before critical conditions develop, from a 
knowledge of the deflection and the cumulative traffic carried by the 
road to date. 
3.5.2.3 A Flexible Pavement Evaluation and Strengthening Design Method 
for Use in the United Kingdom 
Further work (3 BJ·has led to up-dated deflection and traffic relationships 
being developed for the four main road base types used in the United 
Kingdom. 
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Figure 3.13 The relation between Deflection an d Traffic up to the onset of Critical Cond itions 
in Sections with Rolled Asphalt Bases at Alconbury Bill . . (36) (After L~ster) 
Figure 3.14 shows the deflection and traffic relationships for 
pavements with non-cementing granular road bases. 
These deflection and traffic relationships have been incorporated into 
(35) 
a flexible pavement evaluation and strengthening design procedure and 
can be used to predict the remaining life of a pavement under traffic 
so that strengthening can be timed to coincide with the onset of 
critical conditions. 
Use can also be made of these deflection and traffic relationships, in 
conjunction with empirically derived overlay design charts, to design 
the thickness of overlay required to extend the life of a road to carry 
any given traffic and to indicate lengths of road which have 
deteriorated sufficiently to require partial or total reconstruction. 
The background to and the development of the flexible pavement 
evaluation and the strengthening design procedure is given in more 
detail in Chapter 9. 
3 • 6 THE USE OF DEFLECTION MEASUREMENTS IN ANALYTICAL PAVEMENT 
STRENGTHENING DESIGN METHODS 
. ( 39} Deformat1on of the subgrade and fatigue cracking of the bituminous 
layer have been identified as the main causes of pavement failure. 
A method of precluding such failures would be to consider the pavement 
as an elastic layered system and limit the vertical compressive strain 
on the subgrade and horizontal tensile strain on the bottom of the 
asphalt bound layer. 
However, the measurement of these strains in the field would be 
difficult and, as an alternative approach, analytically based 
strengthening design procedures< 32 •40 • 41 l ·use a measure of the 
deflected shape of the pavement's surface to indicate the present 
condition of the pavement structure. 
An example is the SHELL pavement evaluation and overlay design 
procedure( 32 >based upon pavement condition measurements made with a 
Falling Weight Deflectometer. 
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A Deflection Interpretation Chart, Figure 3.15 has been developed-to 
show the theoretical relationships between the modulus of the upper 
bound layer E1 , the maximum deflection d0 , the curvature ratio .. Qr 
(details given in next chapter) and thickness of the bound layer hl 
for predetermined values of the intermediate unbound layer E2, the 
thickness of the unbound layer h2 , the modulus of the subgrade E3 
and the distance r of the second deflection measurement from the load 
point for a given test load. 
The use of this chart, together with the measured values of maximum 
deflection do and curvature ratio Qr results in an estimate of the 
thickness of the upper bound layer h1 and the modulus of the subgrade 
E3, if the other variables are known or can be calculated. 
The values of n1 and E3 can then be used to estimate the remaining 
life and, if necessary,design an overlay to extend the remaining life. 
3.7 LIMITATIONS OF THE PARAMETER MAXIMUM DEFLECTION 
The derivation of empirical deflection and performance relationships 
clearly indicates that maximum deflection can be used as a measure of 
the structural condition of a flexible pavement.(36 ~ndeed, a~ evaluation (35).. .. --
and strengthening design procedure .. :: has been dev~loped on the 
basis of.these relationships and in most cases a pavement is regarded 
V'#"o 
as havinglsufficient strength if the deflection measured under a test 
load exceeds an empirically determined value related-to the traffic 
expected. 
There is, however, a limit to the amount of information that can be 
determined from a single parameter such as maximum deflection. 
Consider the simple example illustrated in Figure 3.16. 
maximum deflection 
Figure 3.16 
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It can be seen from this figure that the same value of maximum 
deflection will be measured for two quite different shapes of 
deflection bowl. 
Inves~igations have shown that the overall deflected shape of the 
pavement's surface is dependent upon the material properties and 
.. 
thicknesses of the layers and properties of the subgrade. Clearly 
the two.deflection bowls are associated with different material 
properties, a feature that cannot be reflected by the value of the 
maximum deflection. 
It follows that because maximum deflection is a single parameter, 
it cannot be used to identify whether a change in its value is due 
to a change in the pavement material properties or the subgrade 
properties, i.e. a reduction in either would cause an increase in 
the measured value of maximum deflection. 
Therefore, any assessment of pavement condition using maximum 
deflection can only be made in terms of the relative magnitude 
of the deflection measurements; high deflections indicating weak areas 
and low deflections indicating strong areas. No indication can be 
given as to where the weakness lies. 
A further complication arises with the use of maximum deflection as a 
measure of pavement strength, in that although it is responsive to 
changes in pavement strength, it is also most sensitive to changes 
in subgrade strength. 
In conclusion, maximum deflection has the advantages of being 
relatively simple to measure, a large amount of experimental data now 
exists, and that a strong correlation has been found between the 
level of deflection and overall-pavement performance. (3Gl 
Its disadvantages are that as a single parameter it does not reflect 
the overall deflected shape and, as such, cannot differentiate between 
changes in the pavement properties and changes in the subgrade 
properties. 
An alternative parameter is therefore required which is more closely 
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related to the performance of the pavement and less influenced by the 
subgrade. 
The following chapter explores the possibility of the use of the 
deflected shape of the pavement's surface for this purpose. 
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4 · ASSESSING PAVEMENT CONDITION IN TERMS OF THE CURVATURE OF 
THE PAVEMENT'S SURFACE 
4 • 1 INTRODUCTION 
Curvature has been adopted as an indicator of pavement condition 
because, as a measure of the overall deflected shape of the pavement's 
surface, it is a more accurate representation of the true response of 
the pavement layers and the subgrade to the applied load. 
Curvature is not a replacement of maximum deflection as an indicator 
of pavement condition, but is essentially an extension of it. 
Details are given of the various pieces of equipment developed to measUre 
(42-49) 
the deflected shape. . The equipment ranges from that capable of 
defining the shape in"the vicinity of the maximum deflection to that 
capable of defining the total deflection dish. 
Two distinct methods have been used to represent the curvature of the 
pavement's surface; the method adopted depending upon the equipment 
used. Curvature has either been expressed as a single value based 
upon the maximum deflection, or as a series of deflection measurements 
including the maximum deflection. 
The advantage of the multi-·value curvature measurement is that it can 
be used to separately estimate change in the properties of either the 
pavement layers or the subgrade. 
The single value curvature measurement cannot distinguish between the 
two, because change in the deflected shape is expressed Qn~y ~- terms 
I..G.rC" ~ c· C" c.. do ........o o 
of the relative magnitude of the measurements, i.e. aJ..<-u<fv~'t.vr · would 
:. ...... o.U ~c.d.~ c)t 
indicate a strong pavement/subgrade combination and a;.<-v< >~'c..)::~l2. ~uld 
indicate a weak pavement/subgrade combination. 
Details are given of the practical studie~ 42 • 4~hich have related 
curvature, expressed as a single value, to the properties of the 
upper bituminous bound layer,. and theoretical studies, which have 
confirmed this relationship by showing that curvature, unlike 
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maximum deflection, is more influenced by the properties of the 
pavement layer than the properties of the Subgrade. 
(47 ,48,49) 
Flexible pavement evaluation and overlay design procedures 
are also outlined, based upon theoretically derived relationships, 
between two pavement condition measurements (maximum deflection and 
single value curvature measurements) and pavement performance. These 
procedures can be used to separately estimate the properties of the 
pavement and the subgrade only if measurements are made of both the 
maximum deflection and curvature (expressed as a single value). 
Information is also given of an alternative method for separately 
estimating the properties of the pavement and the subgrade from 
'multi-value' curvature measurements recorded with a Dynaflect. 
In th . h d(49 ) th h . h . . . f h . d fl . ~s met o e s ape ~ t e v~c~n~ty o t e max~um e ect~on 
is linked. to the properties of the upper bound layer, and the shape at 
distance from the maximum deflection is linked to the properties of 
the subgrade. 
The potential of the curvature measurement to accurately define the 
overall deflected shape, in such a way as to make it possible to 
separately estimate the condition of the pavement and the subgrade, 
is of particular importance because not only can weakness be detected, 
but an indication can also be given of where the problem lies. 
The ability to identify the position of weakness from a measure of 
the deflected shape of the pavement's surface will ultimately lead 
to a more effective use of the resources available for pavement 
strengthening. 
4. 2 DEFLECTED SHAPE OR CURVATURE OF THE PAVEMENT'S SURFACE 
To overcome the limitations of the measurement of maximum deflection 
it is necessary to adopt a parameter: 
(i) capable of defining accurately the deflected shape 
of the pavement's surface; 
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(ii) of a form that makes it possible to detect the effect of 
changes in either of the properties of the pavement or 
the .subgrade. 
The obvious choice to satisfy condition (i) is a direct measure 
of the deflected shape of the pavement's surface. 
Deflected Shape 
Figure 4.1 The Deflected Shape or Curvature of the Pavement's Surface 
Various pieces of equipment have been designed to measure the 
deflected shape of the pavement's surfac~ and a review 
of these follows. Full descriptions are only given for the equipment 
not previously mentioned in the section detailing the deflection 
measuring equipment. The same distinction between loading techniques 
is made by separating the curvature measuring equipment into the two 
categories of Rolling Wheel and Stationary Loading Techniques. 
A number of different methods have been suggested, by the various 
authors, for defining curvature related to the method adopted and 
equipment used to measure the deflection dish. 
4.3 EQUIPMENT USED TO MEASURE THE DEFLECTED SHAPE 
4.3.1 Rolling Wheel Techniques 
4.3.1.1 The Deflection Beam 
An early review of the possible use of curvature as an indicator of 
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(42) 
pavement condition was presented by Kung in 1962, who discussed 
the ideas of several investigators and also suggested a 'slope of 
deflection' method for assessing pavement performance from deflection 
measurements made with a Benkelman Beam. 
The 'slope of deflection' was defined as the tangent of the angle made 
by the original pavement surface and the extension of the straight 
line connecting the point of inflection of the deflection curve and 
the point of maximum deflection, i.e., tan Q = cd . 4 2 be . - F~gure • • 
a b c 
Figure 4.2 Defining the 'Slope of Deflection' 
Reference was made to: 
( i) 
and 
(ii) 
the Bending Index (proposed by Carey and Benkeloan) 
b cd where 'cd' was the deflection and 'ac' 
ac 
was one half of the total deflected length; 
. ' (43) 
a similar idea by Ford and B~sselt, who calculated 
the ratio 'cd' to 'ac' defining 'ac' as the 'radius 
of influence', a horizontal line from the point of maximum 
deflection to the point where the curve became tangential 
to the horizontal. 
(43) 
Kung quotes Ford and Bisselt as stating that "the deflection of a 
pavement alone was not sufficient information to indicate pavement 
performance. The ratio of the 'radius of influence' to deflection 
can be used as a criteria for overall pavement performance". 
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The two concepts 'one haLf of the deflected length' and the 'radius 
of influence' were ajudged to be identical by Kung and were, in his 
opinion too long in length because it was observed that deflection 
increased slowly until the wheel was within a certain distance from 
the measuring tip of the Benkelcanc Beam and then increased rapidly 
to the maximum point. Kung concluded from this that his idea of 
'Slope of Deflection', expressed as the ratio~~ was therefore more 
appropriate. 
The deflected shape was measured by a Benkelman Beam and was 
characterised by the maximum deflection and the deflection at a point 
two feet away from the point of maximum deflection. It was suggested 
that a point one and a half feet away from the point of maximum 
deflection was more appropriate for lighter test loads. 
ABenkelman Beam( 44 has also been used.in South Africa to measure 
the deflected shape. The technique was also used to measure the 
deflection recorded as the truck stopped briefly every six inches of 
its travel for a distance of four feet on either side of the point 
of measurement. The resulting deflection was plotted and the radius 
of curvature determined graphically by fitting a curve to the point 
of maximum deflection. This method of measuring curvature was in 
theory ·very accurate, but in practice proved difficult because of the 
need to stop the truck at exactly six inch intervals. Both the field 
measurements and the analysis of the observations took a considerable 
time. 
The .B~nkelmanBeam has also been used in the United Kingdom and 
France to measure the deflected shape. In both instances the 
equipment was used in conjunction with velocity transducers to 
measure the curvature, arid a chart recorder to plot the deflected 
shape. This was achieved by fitting the Benkelman Beam with an 
electronic transducer connected to the Y axis of a recorder with 
cartesian co-ordinates, and connecting the X axis to a rotary 
potentiometer activated by the movements of the wheels of the truck. 
More recently Leger and Autret( 45~ave recorded the deflected shape 
of the pavement's surface using a Benkelman Beam linked up to a chart 
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recorder. The method adopted for analysing the deflected shape was 
to fit to the recorded curve an analytical curve, which approached the 
shape of the deformation curve more closely than a parabola. It was 
suggested this method of analysis resulted in the two peaks being 
fitted closer togethe~and the radius of curvature was calculated 
from the analytical curve. 
The curve adopted was of the form 
d(x) = 1 + ax 2 
The authors remarked that the matchings obtained with this curve were 
in general excellent up to some 400 or 500 mm from the peak of the 
deformation curve. 
The matchings were generally 
calculation in the axes Y = 
performed 
..!. · and X 
d 
numerically by a regression 
= x• , in which the matching 
curve was a straight line. Once 'a' and 'do' were determined the 
radius of curvature was obtained using the expression 
2.R.do 1 
a 
4.3.1.2 Curvature .Meter 
A curvature Meter< 44 ~as used in South Africa to measure deflected shape and 
was based on.the principle that the differential deflection occurring 
over a short distance is related to the curvature of the surface over 
that distance. 
The equipment consisted of a short bar resting on the road surface at 
both ends, with a centrally mounted dial gauge, the spindle of which 
was also in contact with the road surface. (Figure 4.3) 
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Figure 4.3 
L 
The Curvature Meter 
(after Dehlen) (44) 
L 
shape of 
ro~d's surface 
The instrument was placed five feet ahead of the dual rear wheels of 
a loaded truck and aligned, using pointers permanently attached to the 
truck body. The truck was then driven slowly forward and the maximum 
reading recorded as the wheels passed astride of the instrument. The 
CUrvature Meter recorded both positive and negative maximum deflections 
as the dual wheels were driven up to and passed it. (Figure 4.4). 
Maximum 
Def lection 
Figure 4 . 4 
s s 
Recording Curvature with a Curvature r1eter 
(after Dehlen) (44) 
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The relation between curvature and differential deflection was 
deduced by fitting an appropriate curve to the three points defined 
by the instrument, (the maximum deflection and the two points of 
inflection) . 
(44) Dehlen suggested that in practice the relation was almost identical 
to that for a circle. However, previous work undertaken in South 
Africa with the Benkelcan Beam indicated that in the vicinity of the 
~···· 
points of maximum deflection, the curves were typically of a sine 
form. The relation between curvature and differential deflection in 
the case of a sine curve is 
where 
R 
L, 
= Fd 
d is the differential deflection 
L is the distance between the dial gauge and each support 
F is the factor which varies between 2.0 and 2.47 
as the ratio L/S varies between 0 and 1. (See Figure 4.4). 
It was reported( 44>that satisfactory results were obtained based on a 
sine curve analysis of the results. It was shown that for accurate 
results, the instrument should measure differential deflections 
within a distance of 12 inches between the points of inflection. With 
this in mind an instrument length of 10 inches was adopted. 
Dehlen( 44ldismisses the possibility of defining a curvature or 
deflection index on the basis that the deflection at the suggested 
distance away from the maximum deflection was outside the range over 
which the sharpest curvature occurs. The main disadvantage with the 
Curvature Meter was the need to use either a telescope or a pair of 
binoculars to read the dial gauge while sitting on the road behind 
the vehicle. 
Use of this equipment.in the United Kingdom'46)has indicated that d has 
a range of 0.001 inches to 0.002 inches on motorways, and up to 0.015 
inches on roads of light construction. 
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Assuming the road surface approximates to a sine curve, the radius of 
c:urvature range for the motorways would be 900 to 450 feet and a 
limiting value of 60 feet on light construction. 
4. 3 .2 Stationary Loading Techniques 
Detailed descriptions of the Dynaflect, the Falling Weight Deflectometer 
and the Road Rater have been given earlier in Chapter 3. 
4.3.2.1 The Dynaflect 
Interpretation of the deflected shape measurements f r om t he 5 geophones 
mounted on the tow bar of the Dynaflect is in terms of the spread-
ability of the deflected basin,( 48,49)Figure 4.5. 
Figure 4.5 ~ecording Curvature wi th a Dynaflect 
Spreadability is the average deflection expressed as a percentage of 
the maximum deflection. 
Spreadablity = dmax + dl + d2 + d3 + d4 x 100% 
5 dmax 
where dmax is the maximum deflection of the pavement d1, d2, d 3 and d4 
are the deflections at 1, 2, 3 and 4 feet from the centre of the applied 
load. 
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4. 3. 2. 2 The Falling \veight Deflectometer 
The Falling Weight Deflectometer 1 ~2 )measures the deflected shape of 
the pavement's surface by means of geophones, one in the centre of 
the loaded area (do) and one at a fixed distance r from the load (dr). 
The curvature of the pavement's surface was represented by the ratio 
Qr of the deflection at a distance r from the load (dr) to the 
deflection under the centre of the load (do). Claessen, et al, 132) 
states that the ratio Qr was chosen instead of the radius of curvature 
because Qr can be measured more easily and provides equivalent 
information. · 
For typicai structures, r has been fixed at 600 mm and the curvature 
expressed as the Q600 ratio. 
4.3.2.3 The Road Rater 
The Road Rater 134 )serves as a means of measuring a road's strength 
by the application of a dynamic load superimposed over a static load. 
The road's deflection profile, measured by four velocity sensors 
located on a boom and spaced 0.31 m apart, is visually displayed 
on instrumentation located inside the vehicle. 
The deflection readings are noted either manually or automatically at 
each particular test point. 
4.4 DEFINING CURVATURE 
Two distinct methods have been used to define the deflected shape of 
the pavement's surface: 
(i) expressing curvature as a single value, such as the 'slope 
of deflection', radius of curvature, spreadability and 
curvature ratio, based on the value of the maximum 
deflection. 
(ii) expressing curvature as a series of deflection measurements 
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consisting of the maximum deflection and several 
other deflection readings. 
4.4.1 Single Value Curvature Measurements 
The slope of deflection and radius of curvature measurements have the 
disadvantage that they do not always define the total shape of the 
deflection bowl. An exception is the radius of curvature measurement 
derived from the readings made with the Curvature Metei?4Jhich is based 
upon the points of inflection as well as the value of the maximum 
deflection. 
(48,49) . Although the Dynaflect can character~se the overall deflected shape by 
a series of five deflection readings, curvature is usually expressed 
in terms of the spreadability Sp. 
Sp = dmax + dl + d2 + d3 + d4 
Sdmax 
The spreadability concept defines the shape as an average deflection 
expressed as a percentage of the maximum deflection. 
The two deflection measurements made with the Falling Weight 
fl (32) . h De ectometer are expressed as a CUrvature ratio Qr. Qr ~s t e 
ratio of the deflection (dr) at a distance r from the load to the 
deflection (do) under the centre of the load. 
All of these methods define curvature as a single value with the result 
that change in the overall shape of the pavement's surface is reflected 
in the relative magnitude of these single values (c.f. max. defl.). 
The interpretation of the relative magnitudes of the single value 
curvature measurements depends to a large extent upon the way in 
which they define the deflected shape. However, in general a high 
curvature value would be interpreted as indicating a strong pavement/ 
subgrade combination and a low value as indicating a weak pavement 
subgrade combination. The deflected shapes involved with these two 
extremes are shown in Table 4 .1. 
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Strong Pavement/Subgrade Weak Pavement/Subgrade 
Combination Combination 
Characteristics: wide Characteristics: narrow 
shallow dish. deep dish. 
Curvature 
Meter 
Deflection Large radius of curvature. Small radius of curvature. 
Beam 
Dynaflect High Spreadability value. Low Spreadability value. 
Falling 
weight High CUrvature Ratio value. Low Curvature Ratio value. 
Deflectometer ' 
Table 4. 1 Interpreting the Curvature l1easurements 
These generalisations are ·based upon the assumption that the 
deflection sensing devices are positioned at the same distance apart 
for both measurements. 
4.4.2 Multi Value CUrvature Measurements 
Both the Dynaflect and a modified Deflectograph (details given later 
in this report) can record the deflected shape as a series of deflection 
measurements·. In this case reliance is not placed on the relative 
magnitude of a single value to give an indication of the deflected 
shape. 
The advantage of this type of curvature measurement is that it can 
be analysed to give information on the strength of the pavement and 
subgrade separately, in addition to an indication of the overall 
strength of the pavement/subgrade combination. 
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4. 5 RELATING CURVATURE, DEFINED AS A SINGLE VALUE, TO PAVEMENT 
PERFORMANCE 
. . (42~44,48,32) Several ~nvest~gators · have expressed the curvature of the 
pavement's surface as a single value; Kunct~42)in terms of the slope 
(44) 
of deflection, Dehlen· ·in terms of the radius of curvature, 
Vaswani ·(.481in terms of the spreadability and Claessen< 321 in terms 
of the curvature ratio.· 
. (42,44) 1 Practical stud~es ·have shown that curvature, as a singe value, 
can be related to the performance of the upper bound layer of a 
flexible pavement. Theoretical studies <91 1 have indicated that 
curvature, unlike maximum deflection is more related to the 
properties of the pavement layers than the properties of the subgrade. 
cUrvature, again as a single value, but this time in conjunction with 
maximum deflection (also a single value) has been theoretically related 
to the performance of both the pavement and the subgrade. 
These relationships have been incorporated into flexible pavement 
evaluation and strengthening design procedures<17,48,32lcapable of 
being used to separately estimate the properties of both the 
pavement and the subgrade from measurements of maximum deflection and 
curvature. 
4.5.1 Practical Studies 
Both Dehlen< 44 knd Kung<42~ave shown that curvature, defined as a single 
value, can be related to the performance of the upper bound layer, 
from observations on actual pavement structures. 
Dehlen< 4~used both maximum deflection and the radius of curvature at 
the point of maximum deflection to investigate the problem of 
'chicken net' cracking, and concluded that a correlation existed 
between the condition. of the surfacing and both the maximum deflection 
and the radius of curvature. The existance of these relationships 
were taken by Dehlen< 44las an indication that 'chicken net' cracking 
was due to excessive flexure of the bituminous surfacing. 
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KunJ 42 lalso used a measure of curvature to investigate the incidence 
of cracking in flexible pavements. Curvature, expressed in terms of 
t.p.e_ 'Slope of Deflection' was defined as the tangent of the angle 
made by the original pavement's surface, and the extension of the 
straight line connecting the point of inflection and the maximum 
deflection, Figure 4.6. 
Slope of Deflection = ac ba where ac is the maximum deflection. 
Figure 4.6 Defining the 'Slope of Deflection' 
( 42)-
Kung · concluded from the field tests undertaken that the 'Slope 
of Deflection' method showed a high degree of accuracy for indicating 
pavement cracking. 
4.5.2 Theoretical Studies 
Dehle~ 44lused Odemark's theory(SO)to investigate the effect of a 
change in Young's modulus of any of the pavement layers on the 
deflection and curvature measured at the pavement's surface. The 
results, presented as Table 4.2, shows that while the value of 
maximum deflection was dependent to a large degree on the Young's 
moduli of the materials at depth, in addition to those of the upper 
layers, the radius of curvature was dependent mainly on the moduli 
of the upper layers of construction and very little on those of the 
materials at depth. Dehlen< 44.lused these findings to substantiate 
the use of curvature as an indicator.of excessive stresses in the 
upper bound layer giving rise to flexure cracking. 
Huang(Sl) identified· deformation of the subgrade and fatigue cracking 
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Percentage chanee in Deflection or Radius 
LAYER THICKNESS of Curvature at surface resulting from·a 50 per cent change in the Young's modulus 
of the layer indicated. 
CASE lb CASE 2b CASE 3b 
/:, R t:. R /:, R 
Surface and 
base 200 mm 16 38 14 32 21 32 
Sub-base 200 mm 11 9 9 13 11 14 
Semi 
Subgrade infinite 25 3 28 5 19 4 
b computed for the following Young's moduli of the layers (base, 
sub-base and sub-grade): CASE 1 - 10:2:1; CASE 2 - 10:5:1; 
CASE 3 - 4 : 2: 1. 
TABLE _4.2 Dependence of Deflections and Curvatures on Stiffnesses of 
Materials in Upper and Lower Layers of Foundations · 
(nftcr Dehlcn) (44) 
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as the two main causes of pavement failure. A method of precluding 
such failures was to consider the pavement as a three layer elastic 
system and limit the vertical compressive strain on the. subgrade and 
the horizontal tensile strain at the bottom of the asphalt bound 
layer. Measurement of these strains in the field was difficult and 
as an alternative, Huang(Sl)determined relationships between 
deflection, curvature, compressive strain on the subgrade and tensile 
strain in the asphalt layer, so that deflection and curvature could 
be used as criteria for pa'vement design and evaluation. 
One of the main conclusions reached was that, 'CUrvature was 
definitely related to the tensile strain in the asphalt layer. The 
curvature-tensile strain ratio depended primarily on the surface 
course thickness and was independent of roadbase thickness. The use 
of curvature, instead of deflection, as a criterion for controlling 
fatigue, was highly desirable because the curvature tensile strain 
ratios were not affected by modular ratios'. 
(51) 
The findings of Hu~~ were 
that curvature ""-.... Jrelated to 
of a flexible pavement. 
(44) 
similar to those of Dehlen and suggest 
the properties of the upper bound layer 
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4.5.3 Flexible Pavement Evaluation and Strengthening Design 
Procedures 
Elastic theory has shown that curvature is greatly influenced by 
pavement properties and that maximum deflection is greatly influenced 
. , (51) , , ( 4 7 1 48 1 3 2) d by subgrade propert~es. · Several ~vest~gators · fiave ma e use 
of these findings and incorporated theoretically derived relationships, 
between maximum deflection and pavement/subgrade strength, and 
curvature and pavement/subgrade strength into flexible pavement 
evaluation and strengthening design procedures. 
These deflection and curvature relationships are. usually expressed in 
chart form and can be used to estimate the properties of the upper 
bound layer (in terms of either the thickness or the modulus) and 
the modulus of the subgrade, only if measurements are made of both 
the maximum deflection and curvature. 
These derived strength parameters can then be used to estimate the 
remaining life of a pavement and in some cases to design an overlay 
to extend the life of a pavement. 
4.6 RELATING CURVATURE, DEFINED AS A MULTI VALUE MEAS~~' TO 
PAVEMENT PERFORMANCE 
~ Fc.ll.M.5 W~"-k '.)~lW;o~ The DynaflectJand a mod~fied ~eflectograph are the only two pieces 
of deflection measuring equipment capable of defining the deflected 
shape as a series of deflection measurements. <49 > 
A method has been proposed for separately estimating the properties 
of the pavement and the subgrade from multi value curvature 
measurements recorded with a Dynaflect. The method is based upon 
theoretical relationships between: 
(i) the deflected shape in the vicinity of the maximum 
deflection and the properties of the upper bound layer. 
(ii) the deflected shape at distance from the maximum 
deflection and the properties of the subgrade. 
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This evaluation procedure is different to those outlined 
previously because it is based upon the analysis of the deflected 
shape characterised by a number of deflection measurements, and not 
on relationships between two pavement strength parameters defined 
as single values. 
4.6.1 An Evaluation and Strengthening Design Procedure based upon 
Multi Value Curvature Measurements 
The studies conducted by De Kiewit;49 let al, are of particular 
interest because of the way in which the curvature measurements,.· 
recorded by the Dynaflect, were interpreted to separately indicate 
the properties of the pavement and the subgrade. 
Curvature measurements recorded by a Dynaflect (Figure 4.7), are 
usually expressed in terms of the single value spreadability, Sp. 
Spreadability = d1 + d 2 + d 3 + d 4 + ds 
Sdl 
Figure 4.1 Defining Spreadability 
X 100% 
However, De Kiewit(4~)et al, not only presented the curvature 
measurements in this way, but also in three additional forms; a 
maximum deflection plot, a surface curvature index.(SCI) plot, 
and a base curvature index plot (BCI) plot. The SCI value was 
obtained by subtracting the d2 reading from the d1 reading and 
the BCI value by subtracting the ds reading from the d4 reading. 
(49) De Kiewit, et al, reported the SCI value as giving an indication 
of the pavement surface properties and the BCI value applied to the 
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subgrade properties. The ds deflection reading was also said to have 
good correlation with the subgrade properties, and less dependent on 
the thickness and the stiffness of the pavement layers. The 
spreadability value gave information on the modular ratio of the 
surface layer .and subgrade. 
This evaluation and strengthening design procedure checks the 
spreadability, maximum deflection, SCI and BCI data statistically 
for significant difference using a computer programme. On the basis 
of this data the programme tests every pavement section against 
every other pavement section to determine which sections are 
significantly different. These sections are then considered 
separately for the remainder of the design. 
4.6.2 Relating the Deflected Shape, as defined by a Multi Value 
Curvature Measurement, to the Properties of both the Pavement and 
the Subgrade. 
(49) De Kiewit, et al, have proposed a method for separately estimating 
the properties of the pavement and the subgrade from an analysis 
of the actual deflected shape of the pavement's surface, using the 
relationships derived by Majidzadeh. (S:l) 
Fundamental to this evaluation procedure is the requirement that the 
deflected shape be defined by a sufficient number of deflection 
measurements, to allow the sections of the deflection bowl, 
influenced by the properties of the pavement and the subgrade, to be 
identified. In practice, this was achieved by De Kiewit, et al, (49.) 
using a Dynaflect which records the deflected shape as a series of 
five deflection measurements. 
The method of interpretation proposed by Majidzadeh(S 2)is presented 
in diagrammatic form in Figure 4.8. The response of a.pavement 
structure to a given load is outlined, together with the sections 
of the overall shape suggested as being influenced by the properties 
of the up?er bound layer and subgrade, respectively. Reference to 
Figure 4.8 · indicates that the shape in the vicinity of the maximum 
deflection was suggested as being related to the properties of the 
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..... 
0 
0 
SCI 
BCI 
Rigid Force Wheels 
Surface 
dynaflect maximum deflection (numerical value of sensor No . 1) 
surface curvature index (numerical difference of sensor No . 1 and 
No. 2) 
base curvature index (numerical difference of sensor No. 4 and 
No. 5) 
Figure 4 . 8 Deflection Basin Parameters 
(after Majidzadeh) (S 2 ) 
upper bound ~ayer and the shape at distance from the position of 
maximum deflection was suggested as being related to properties 
of the subgrade. 
The fact that Majidzadeh used a two layer elastic model to represent 
pavement response meant that he was only able to identify the sections 
of the overall deflected shape influenced by the properties of the 
upper pavement layer and the lower subgrade layer. The suggestion 
that the shape in the vicinity of the maximum deflection can be used 
as an indication of the strength·of the upper bound layer is supported 
. . (44) (42) by the f~nd~gs of Dehlen and Kung. Both investigators related 
curvature, represented as a single value, to the condition of the 
upper bound layer and stated that the evidence suggested that 
curvature could be used to indicate the high stress levels associated 
with excessive flexure of the upper bound layer. 
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5 AN ALTERNATIVE TO CONVENTIONAL TECHNIQUES FOR ESTIMATING 
THE THICKNESS OF BITUMINOUS MATERIAL IN A.FLEXIBLE PAVEMENT 
STRUCTURE 
The previous chapters have given details of the way in which 
measurements of the deflected shape of the pavement's surface have 
been used to indicate the present cOndition of flexible pavement 
structures. 
In several countries measurements of maximum deflections and/or 
curvature have been used, together with empirically or thoretically 
derived relationships to estimate the remaining life in a pavement 
and,insome instances, to design overlays to extend the life. 
5.1 THE FLEXIBLE PAVEMENT EVALUATION AND OVERLAY DESIGN 
PROCEDURE FOR USE IN THE UNITED KINGDOM 
In the United Kingdom the present flexible pavement evaluation and 
strengthening design procedurJ 35 lis based upon empirically derived 
relationships between deflection and performance developed from 
measurements made over a 20 year period on the full-scale design 
experiments. (Details of the background and development of this 
method are given in .Part 2 of. this report). The ·basic in~ots -into 
the procedure are measurements of the maximum deflection recorded by 
a Deflection Beam or a Deflectograph.' 25 l 
At present most Deflectographs only measure and record the maximum 
deflection response of a pavement. The deflection measurements 
collected are subsequently processed using computers that are 
normally remote from the road being surveyed. 
A more suitable approach would be for the deflection measurements 
to be processed on the machine as they are recorded, to allow 
immediate identification of suspect areas. Provision of real time 
analysis would encourage closer contact between those taking the 
measurements and those responsible for making decisions on the basis 
of the measurements. 
102 
A requirement of an on-board processing system would be an assessment 
of the thickness of the bituminous layer of the pavement being 
surveyed. 
An indication of the thickness of the bituminous layer is important 
because bitumen is temperature susceptible and the degree of 
temperature. susceptibility is a function of the total pavement 
stiffness contributed by the bound layer. 
(35) 
The TRRL structural maintenance design method incorporates a 
number of temperature and deflection relationships for pavements of 
various bituminous layer thicknesses, which can be used to standardise 
deflection measurements obtained at any pavement temperature within 
the range 5 - 30°C to equivalent values at 20°C. 
A knowledge of the thickness of the bituminous layer means that the 
appropriate relationship can be selected. 
5.1.1 Present method of determining the construction information 
Construction information is usually obtained by coring and from trial 
pits. 
However, due to the present economic climate, the funds available to 
the Local Authorities for investigative work falls far short of that 
required with the result that cores are generally spaced at wide 
intervals; ! km or 1 km intervals. It is also noticeable that the 
number of trial pits opened on a routine basis is in many cases 
minimal, particularly on the roads for which the Local Authority is 
directly responsible. The outcome is that a great many assumptions 
are at present being made about the construction of the pavement 
between the cores. 
The assumptions may be valid on newly constructed designed roads 
where construction thicknesses are nominally the same for the length 
of the scheme, but they are certainly not valid for lightly trafficked 
undesigned roads, where the present construction thickness is the 
product of years of strengthening work. 
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An indication of the variation in the thickness of the bituminous 
material on a number of lightly ~rafficked test sites in Devon 
and Somerset can be obtained from Table 11. 5 , Chapter 11 • 
What is required, therefore, is a method capable of giving a 
continuous estimate of the thickness of the bituminous material in 
a flexible pavement structure. 
5. 2 THE EQUIPMENT TO RECORD THE DEFLECTED SHAPE OF THE 
PAVEMENT'S SURFACE 
For obvious ~easons it would be totally impracticable to use 
conventional destructive techniques to give a continuous estimate of 
the thickness of the bituminous material. The equipment would therefore 
have to be non-destructive and as such be_capable of measuring the 
response of the pavement structure to a given input. 
Non-destructive equipment has already been developed to record the 
deflected shape of the pavement's surface. 
Reference to Chapters 3 and 4 will show that several pieces of 
equipment are capable of continuously recording deflected shape 
measurement at predetermined intervals along the road. 
The use of equipment of this type could be a possibility if its 
measure of deflected shape could be related to the thickness of 
bituminous material in the pavement structure. 
5.3 RELATING DEFLECTED SHAPE MEASUREMENTS TO THE CONDITION OF 
THE PAVEMENT 
The use of maximum deflection and curvature as indicators of the 
condition of flexible pavements has also been outlined in Chapters 3 
and 4. 
The measurement of maximum deflection has several disadvantages. 
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The most important in the context of its possible use as an indicator 
of the thickness of the bituminous material are that it is particularly 
sensitive to the strength of the subgrade and that as a single 
measurement it cannot differentiate between changes in the pavement 
properties and changes in the subgrade properties. 
In contrast, the measurement of curvature has the distinct advantage 
that it can be used to reflect the condition of the upper pavement 
layers without being influenced to any great extent by the strength 
of the subgrade. 
Another advantage of curvature is that as a multivalue measurement, 
it can be used to separately estimate the properties of the upper 
pavement layers and the subgrade. This is signficant because it 
would suggest that measurements of curvature could be used to give 
an indication of the thickness of the bituminous material, 
particularly if it were recorded as a multivalue curvature 
5.4 MEASURING THE DEFLECTED SHAPE WITH A DEFLECTOGRAPH 
A Deflectograph has been modified by TRRL to record the deflected 
shape of the pavement's surface as a maximum deflection and ten 
ordinate deflections; i.e. a multivalue curvature measurement,Figure 5.1 . 
undisturbed 
pavement 
surface 
maximum 
deflection 
deflected 
shape 
Ficrure 5 .1 Recording the Deflected Sha;?e as a r-1aximum Deflection 
and ten Ordinate Deflections 
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Recording the deflected shape in this way means that the curvature 
of the pavement's surface can be expressed as a differential 
deflection and that the magnitude of the differential deflection can 
be used to give an indication of the condition of the pavement 
structure. 
Undisturbed 
pavement 
surface 
Maximum 
Deflection 
Deflected 
Shape 
Horizontal Distance (L) 
Ordinate 
Differential 
Deflection 
Figure 5.2 The Relationship between the Maximum, Ordinate and 
Differential Deflections. 
Differential deflection is calculated as the difference between the 
maximum deflection and an ordinate deflection and is specified in 
terms of the horizontal distance between the two points of measurement, 
i.e. the differential deflection 50 mm from the maximum deflection 
relates to the shape of the deflection dish over that distance,Figure 5.2. 
For a given deflected shape the differential deflection will increase 
in magnitude with increase in horizontal distance away from the point 
of maximum deflection. It is therefore important that curvature 
measurements expressed as differential deflections should only be 
compared if they refer to the deflected shape over the same 
horizontal distance. 
The concept behind the use of differential deflection as a measure 
of curvature is that the condition of the pavement will be reflected 
in the magnitude of a differential deflection at a specific distance 
from the point of the maximum deflection. This can best be illustrated 
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by the two extreme cases shown in Figure5.3. 
Horizontal 
distance (L) 
Figure 5.3(a) Wide, Shallow Deflection Dish 
Horizontal 
distance (L) 
Figure 5.3(b) Narrow, Deep Deflection Dish 
-1-Small differential 
deflection 
Large 
differential 
deflection 
Figure 5.3 (a ), defined by a small differential deflection, indicates 
very little change of shape in the vicinity of the maximum deflection 
characteristic of a wide, shallow deflection dish associated with 
pavements having a weak subgrade. Figure 5 . 3 (b) , defined by a large 
differential deflection, indicates rapid change of shape in the 
vicinity of the maximum deflection indicative of the narro~ deep 
deflection dish associated with pavements having weak surfacing layers. 
5.5 USING DEFLECTED SHAPE MEASUREMENTS TO ESTIMATE THE THICKNESS 
OF THE BITUMINOUS MATERIAL 
(42,44) (49) 
Several investigators, including De Kiewit, have shown that the 
deflected shape in the vicinity of the maximum deflection can be used 
as an indicator of the strength of the upper bound layer. 
The response of a particular layer in a flexible pavement structure 
to a given load is dependent upon both the thickness and the modulus 
of the material in that layer and, to a certain extent, upon the 
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degree of support given by _the underlying layers. 
To interpret the deflected shape measurements,as indicators of the 
thickness of ~~e bituminous laye~ will require assumptions to be made 
about the modulus of the bituminous material and· the degree of support 
from the underlying layers; the degree of support being. governed 
primarily by the modulus and thickness of the individual layers. 
The following chapter describes investigations into the use of deflected 
shape measurements recorded by a Deflectograph, to estimate the thick-
ness of bituminous material present in a flexible pavement structure. 
The development of a method capable of giving a near continuous 
estimate of the thickness of the bituminous material would go a long 
way towards removing one of the major obstacles standing in the way 
of the automatic processing of deflection measurements on board the 
Deflectograph. The use of the deflected shape measurement recorded 
by the Deflectograph, to estimate the thickness of bituminous 
material, would be a neat solution to the problem, because it would 
mean that all the necessary information is being recorded by one 
piece of equipment. Even if this aim is never reached, such a 
method would help to eliminate a great deal of the uncertainty that 
exists at present,concerning the pavement construction between 
locations where cores have been removed. 
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6 THE USE OF MAXIMUM DEFLECTION AND DEFLECTED SHAPE MEASUREMENTS 
TO ESTIMATE THE THICKNESS OF BITUMINOUS MATERIAL IN A FLEXIBLE 
PAVEMENT STRUCTURE 
6.1 INTRODUCTION 
This chapter describes the investigation into the use of the deflected 
shape measurements to estimate the thickness of bituminous material 
present in a flexible pavement structure. Deflected shape is defined 
as a differential deflection at a specific distance from the point 
of maximum deflection. The differential deflection at a particular 
point on the deflection dish is calculated as the difference between 
the maximum deflection and an ordinate deflection at that point. 
Details are presented of theoretical studies, using a finite element 
approach, together with practical studies, using in situ measurements 
of maximum deflection and deflected shape made with a Deflectograph 
on a wide range of l~ghtly trafficked roads. 
Resulting from these investigations, a method of estimating the 
thickness of bound material in a flexible pavement is presented.<?O) 
6.1.1 Theoretical Studies 
6.1.1.1 The pavement model 
The finite element model developed represents a longitudinal pavement 
section loaded at its mid-point by a load equal to that applied to the 
road surface by each dual wheel assembly of the Deflectograph. 
The model was sub-divided into a number of rectangular elements 
connected at their nodal points. A graded division into elements 
was adopted to allow a more detailed study in the region under the 
load. 
Boundary conditions were such that the bottom of the model was 
constrained from moving in the horizontal and vertical directions, 
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the sides constrained in the horizontal direction only, and the 
surface of the model free to move in both directions. The external 
load acting on the actual pavement structure was replaced by an 
equivalent system of forces acting at the element nodes. 
6.1.1.2 Calibrating the model 
Before the finite element model could be used to investigate a 
relationship between deflected shape and thickness of the bituminous 
layer, it was necessary to ensure that the response of the theoretical 
model was similar to that of an actual pavement structure. 
Absolute deflected shapes measured with displacement gauges on two 
pavement structures, one with a granular roadbase and one with a 
bituminous roadbase, were used to define the pavement response to 
be modelled. 
A theoretical model was developed that accurately predicts the response 
under load of pavement .structures with granular and bituminous road-
bases. 
6.1.1.3 Prediction of bituminous layer thickness from absolute 
deflected shape measurements. 
A relatively simple relationship between deflected shape and bitumin-
ous layer thickness was developed that would have formed the basis 
of a bituminous layer thickness estimation procedure, if it could 
have been assumed that the strengths and thicknesses of the other 
pavement layers and subgrade remained constant along a length of 
road. 
Variations in these values do occur in practice and it was therefore 
necessary to quantify the possible effect of each likely change on 
the deflected shape. 
Analysis of the absolute deflected shapes produced by the model has 
resulted in the construction of a chart showing the relationship 
between curvature, defined as the differential deflection, 200 mm 
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from the point of maximum deflection, and the maximum deflection for 
pavements with various thicknesses of bituminous material. 
This chart could be used in conjunction with measurements of the 
absolute deflected shape of the pavement's surface to estimate the-
thickness of bituminous material. 
6.1.1.4 Prediction of bituminous layer thickness from equivalent 
Deflectograph deflected shape measurements 
A procedure was developed to convert the predicted absolute deflected 
shape measurements into equivalent Deflectograph deflected shape 
measurements. 
These measurements were then used to define a similar relationship 
between curvature and maximum deflection for pavements with various 
thicknesses of bituminous material. The relationship could be used, 
together with deflected shape measurements recorded with a 
Deflectograph, to estimate the thickness of bituminous material 
present in a flexible pavement. 
6.1.1.5 The accuracy of the estimate of -bituminous layer thickness 
The accuracy of the proposed method was assessed by quantifying 
the effect of change in either the strength or thickness of each 
of the pavement layers and subgrade on the estimate of bituminous 
layer thickness. 
The effect of soft spots in the granular sub-base, and cracking in 
the bituminous layers, on the estimate of bituminous layer thickness 
was also studied using the model. 
6.1.2 Practical Studies 
In situ deflected shape measurements made with a Deflectograph on 
a wide range of pavement types were used to develop an empirical 
rela.tionship between curvature and maximum deflection. 
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6.1.2.1 Selecting suitable lengths of road on which to record the 
deflected shape measurements 
Lengths of the existing test sites were used to record the deflected 
shape measurements. They were selected because the information 
from the coring programme indicated a relatively constant thickness 
of bituminous material. 
6.1.2.2 Correcting the deflected shape measurements for the effect 
of temperature on the stiffness of the bituminous material 
Prior to the analysis all deflected shape measurements were temperature 
corrected to equivaient values at 20°C using previously derived 
relationships between deflection and temperature. (35)-
6.1.2.3 Deriving an empirical relationship between curvature and 
maximum deflection for pavements with various thicknesses of 
bituminous material 
The in situ deflected shape measurements were analysed using linear 
regression techniques to develop an empirical relationship between 
curvature, defined as a differential deflection, 200 mm from the point 
of maximum deflection, and maximum deflection for pavements with 
various thicknesses of bituminous material. The results obtained 
covered a range of pavement types which in general were substantially 
different from those used to develop the model. 
These empirical relationships were similar to those derived theoretic-
ally, but their numerical values differed due mainly to the differences 
between the pavement structures modelled and those surveyed with the 
Deflectograph. 
These empirical relationships form the basis of a bituminous layer 
thickness estimation chart, which could be used in conjunction with 
deflected shape measurements recorded with a Deflectograph to estimate 
the thickness of bituminous material present in a typical lightly 
trafficked pavement. 
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6. 2 THEORETICAL ANALYSIS OF FLEXIBLE PAVE11ENT STRUCTURES USING A 
FINITE ELEMENT APPROACH 
The theoretical response of a number of flexible pavement structures, 
to an applied load, has been investigated using a commercially 
available finite element prograpliile. ~. "'-~ 2.--::--~r._ t.~oc>. 
'nCio.C) \ou .. - ........ )~ 'of ;>C.vC.<"~ ...,.._~tt..o"-...C...."""o~~~ -~'- ;') . C'~"'.~"'·c.. . 
u :> ')12..\t.c,..~o-_ ,~(" ........," ...._ ~- ~lll4'~ -.Jt..,O """"~ \..... r"'""'~'t ~'(\."'.o.,." \-~ 'O.o.,l.,k ·~ _.C..O ('ec.~',.\.'1 ~c..:,.}.c,..~\L 0......._ ~C \>~~~~ ~. 
The finite element method represents an extension of matrix,~ds~~ 
for skeletal structures to the analysis of continuum structures. The 
analysis of a continuum differs from the analysis of a skeletal 
structure in two basic aspects only, namely in the initial subdivision 
into elements and in the derivation of the element stiffness 
characteristics. 
6 2.1 Subdivision of the continuum into elements 
The finite element technique requires that the continuum be subdivided 
into a number of artificial elements before the matrix method of 
analysis can be applied. The artificial elements, known as 'finite 
elements' or ~iscrete elements', are usually chosen to be either 
rectangular or triangular in shape. In reality, these elements are 
connected together along their common boundaries. However, in order 
to make a solution by the matrix method of structural analysis possible, 
it is assumed in the case of simple elements that these elements are 
only interconnected at their nodes. This assumption by itself means 
that continuity requirements are only satisfied at the nodal points. 
Clearly the relaxation of continuity requirements along the sides 
of the elements would make the structure very much more flexible than 
it actually is, since it could allow gaps to form between the elements. 
However, in the finite element method, the individual elements are 
constrained to deform in specific patterns. Hence, although 
continuity is only specified at the nodal points, the choice of a 
suitable pattern of deflection for the elements can lead to the 
satisfaction of some, if not all, of the continuity requirements 
along the sides of adjacent elements. 
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6.2.2 Derivation of element stiffness characteristics 
The principle of virtual work is used in deriving the stiffness 
properties of various elements. This principle is concerned with 
the relationship which exists between a set of external loads and 
the corresponding internal forces which together satisfy the 
equilibrium condition, and also with sets of node displacements and 
the corresponding number of deformations which.satisfy the conditions 
of compatability. 
The principle may be stated in general terms as follows: 
the virtual work done by the external loads is equal to the internal 
work absorbed by the structure and can be expressed in mathematical 
terms as: V 
EF.o = J cr. E:.d(Voll 
where F refers to the system of external loads,o to the deflections 
of the loads, cr to the system of internal forces and E: to the internal 
deformations of the structure. 
6.2.3 The finite element programme 
(53) 
A commercially available finite element programme (PAFEC 75) was 
used to investigate the theoretical response of a number of flexible 
pavement structures to an applied load. 
(53) 
The PAFEC 75 finite element suite consists of ten separate computer 
programmes which, when executed sequentially, gives a complete 
engineering analysis. Each of these programmes is known as a PHASE 
of PAFEC 75( 5~dd Table 6.1 gives a synopsis of the operations under-
taken by them. 
Some phases are more important, as far as obtaining printed results, 
than others. PHASE 1, used for read-in and data expansion, is an 
essential part of the whole process. PHASES 4, 6 and 7 play an 
equally important role. These four phases form the minimum requirements 
for any analysis where the structure is fully defined. The remaining 
six phases provide the many extra facilities available, such as 
U.4 
PHASE SHORT DETAILED DESCRIPTION 
DESCRIPTION 
Data modules are read in, default values 
1 READ are inserted and the modules are placed 
onto backing store. The NODES module is 
expanded so that all mid-side nodes are 
included. 
Any PAFBLOCK data is replaced by the full 
2 PAFBLOCKS nodal co-ordinate and topological 
description of the complete mesh of 
elements. 
The structure itself is drawn. At this 
3 INDRAW 
stage it is not possible to show any results 
STRUCTURE such as displacements, stresses or 
temperatures s1nce these have not yet been 
evaluated 
PRE-SOLUTION In this PHASE the constraints on the 4 HOUSEKEEPING problem are considered and a number system for the degrees of freedom 1S derived. 
This PHASE is very similar to the PHASE 3 
5 INDRAW ·except the constraints which have been CONSTRAINTS applied are shown. Conversely the degrees 
of freedom can be indicated on a drawing. 
The stiffness (or other such as conductivity, 
6 ELEMENTS mass etc.) matrices of all the elements are 
found and put onto backing store. 
The system equations are solved for 
7 SOLUTION displacements, temperatures or whatever 
happens to be the primary unknowns in the 
problem being tackled. 
OUTDRAW The primary unknowns in the problem (i.e.' 
8 D I SPLACEMENTS displacements or temperatures) are drawn. 
9 STRESS The stresses are found. 
Stress contour, stress vector plots etc. are 
10 OUTDRAW produced. 
Table 6.1 Brief Description of the Ten Phases of PAFEC 75( 53 ) 
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complete passive graphics capability, automatic mesh generation and 
element stressing. 
6.2.4 The Method of Analysis 
The longitudinal model of the pavement structure was analysed as a 
plane elasticity problem. 
Plane elasticity problems involve continua that are loaded in their 
plane, an assumption that could be made if the theoretical model 
represented a section of the pavement structure immediately below 
the dual wheels of the Deflectograph. 
There are two types of plane elasticity problems, namely, plane stress 
and plane strain. 
In a plane stress problem the continuum,such as a plate, is generally 
thin relative to the other dimensions and the stresses normal to the 
plane are neglected. Typical examples of plane stress problems are 
diaphragm plates in box sections and plate girder webs. 
In a plane strain problem, the strain normal to the plane of loading 
is assumed to be zero. A typical example of a plane strain problem 
is a retaining wall, where analysis is achieved by taking a transverse 
slice out of the wall and assuming zero strains normal to the wall. 
Although neither of the assumptions of ze~o stress or zero strain in 
a direction normal to the plane of loading is strictly correct, it 
was felt that the latter would be a more realistic approach because 
the problem was closer to that of the retaining wall than a thin 
diaphragm plate in a box section. 
For this reason the pavement section was analysed as a plane strain 
problem. 
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6.2.5 The Pavement Model 
The finite element model developed represented a longitudinal 
pavement section, 12 metres in length, loaded at its mid-point 
by a load equal to that applied to the road's surface by each dual 
wheel assembly of the Deflectograph. A distance of 12 metres was 
selected because it approximated to the length of road influenced by 
the action of the loaded wheels on all but the stiffest of pavement 
structures. 
The symmetry of the model meant that it could be divided at the point 
of application of the load,because it was shown that the response 
of half of the model under half of the load was identical to the 
response of the whole model under the total load. Physically 
reducing the size of the model by half resulted in a great saving in 
the computer time required to analyse this particular problem. 
The model, Figure E.1 , was sub-divided into a number of rectangular 
elements connected at their nodal points. 
The nature of the finite element idealisation means that, in general, 
the accuracy of the solution increases with the number of elements 
taken. 
It must be realised that as the number of elements taken increases , 
the computer time required to obtain a solution also increases, with 
a consequent increase in cost. 
A graded division into elements was adopted to allow a more detailed 
study to be made in the region under the load. 
Such a selective distribution of elements is efficient and can lead 
to economy in solution time without any loss of accuracy. 
Boundary conditions were such that the bottom of the model was 
constrained from moving in both the horizontal and vertical directions, 
the sides constrained in the horizontal direction only and the surface 
of the model free to move in both directions. 
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Figure 6 . 1 The o riginal pavement model 
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The external wheel loads acting on the actual pavement structure 
were replaced by an equivalent system of forces acting at the element 
nodes. Care was taken, with the selection of the finite element mesh, 
to ensure that nodes occurred at the points of application of the 
forces. 
6.2.6 Calibrating the Model 
Before the finite element model could be used to investigate the 
ability of the deflected shape measurements to characterise the 
pavement construction, it was first necessary to ensure that its 
response was similar to that of an actual pavement structure. 
Initially it was envisaged that this would be achieved by reproducing 
the responseof a lightly trafficked pavement structure as measured by 
a Deflectograph. 
However, experimental and theoretical studies( 54~ave demonstrated that 
the deflections measured under a rolling wheel cannot 'be readily 
depicted by multi-layer elastic theory, and that inclusion of non-
linear behaviour does not resolve the difference. 
To overcome these problems, absolute deflections as measured with 
displacement gauges on two pavement structures, one with a granular 
roadbase and one with a bituminous bound roadbase, were obtained 
from instrumented road sections. These measurements, f'V'\c...c..\~ ~t..lr 
~~ \.>.::>~ ~'~"" o~ (J- 9~\'-~-c...\o~'~"--' ~e~........;_c0. ~Q.. ~c......l\!...~t 
re:> ~o"'., e.. \. o \:> .et. ---. o c\ OJ.. ~ . 
6.2.6.1 Pavement with a granular roadbase 
The pavement structure with a granular roadbase was represented by 
the layered system shown in Figure 6.2 
Pavement Surface 
Upper Bound Layer E1 V1 
Intermediate Unbound Layer E2V2 
Lower Subgrade Layer E3V3 
Figure 6.2 The Pavement Structure 
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Of the parameters controlling the response of each layer, the stiffness, 
E, Poisson's ratio, v. and\thickness, h, to the aoolied load,only the 
"'-o~ .. ",,,..,. v.>~t-\ _,._~c.. 
thicknesses of tne/. c...-..\'"-& S\l£facing,~~a..}c...~roadbase and t-'t\'~ '-
sub-base were known for the structures investigated. 
In developing the model, values for the elastic parameters (E and V) 
of the individual pavement layers and subgrade were initially deduced 
from typical published values for each material type. These values 
were subsequently modified within closely defined limits until 
the response of the theoretical model was similar to that of the 
actual pavement structure. 
6.2.6.1.1 The Upper Bound Layer 
The response of the upper bound layer was controlled by the three 
parameters, Stiffness E1 (analogous to Young's Modulus at short 
loading times), Poisson's Strain Ratio V1 and the thickness h1. 
(32) 
Previous work has indicated that the stiffness of the asphalt mix 
can vary from around 1. 0 E07 N/m2 to about 5. 0 E ~ N/m2 • The upper 
range of stiffness values, 1.0 E09 to 5.0 E~ N/m2 were determined 
for a large number of asphalt mixes by means of dynamic or semi-static 
tests at various temperatures and under different loading conditions. 
An initial value of E1 = 5.0 E09, equivalent to a reasonably stiff 
layer, was adopted for the first model. 
Generally, Poisson's ratio has proved difficult to measure since it 
requires very accurate measurement and has beenshown to vary with 
stress, temperature etc. (55 ) 
At short loading times Poisson's Ratio was found to be about 0.35 and 
independent of stress. An initial value of v1 = 0.35 was adopted for 
the first model. It would appear from the literature that values of 
this parameter have not been measured as often as stiffness. 
A value of h 1 = 100 mm was fixed by the thickness of the bituminous 
layer present in the pavement to be modelled. 
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6.2.6.1.2 Intermediate Granular Layer 
The response of the granular layer was controlled by the Resilient 
Modulus E2 (identical to Young's modulus when determined from repeat 
load triaxial test), Poisson's Strain Ratio v2 and the layer thickness 
h 2 . 
The modulus of the unbound layer has been shown to be to a large extent 
stress dependent. 
(56) 
Field measurements supported by theoretical analysis have shown that 
the modulus of the unbound base layer E2 depends on its thickness h 2 
and the modulus of the underlying subgrade E3 , according to the 
relationship: 
OA·S" 
where K2 = 0.2h2 with h 2 in mm, with the limits 2 < K2 < 4. 
An initial value of E2 = 5.0 E08 N/ m
2 was thought realistic for 
the combination of a wet mix macadam base and type 2 sub-base present 
in the pavement to be modelled. 
An initial value of v2 = 0.35 was adopted for this granular layer. 
A value of h 2 = 450 mm was fixed by the combined depths of the wet 
mix macadam base and the type 2 sub-base layer. 
6.2.6 .1. 3 Lower Subgrade Layer 
The response of the subgrade was controlled by the Resilient Modulus 
E3 , Poisson's Strain Ratio V3 and a limiting thickness h 3 = 4 m. 
This depth was selected because it was felt that very little 
significant deflection would be apparent below this level. 
(57) 
It has been reported that subgrade soils show stress dependent 
behaviour and relationships have been developed between stress, 
strain and modulus. 
121 
(58) 
Bleyenberg, et al, have demonstrated from actual measurements on 
pavements in full scale road experiments, that linear elastic theory 
can beused to describe pavement response, provided that the moduli 
of the materials were determined under appropriate loading conditions. 
Therefore subgrade modulus should be determined from in situ 
measurements using equipment such as the surface wave propagation 
technique. 
Where such data was not available, use can be made of the empirical 
relationship between dynamic subgrade modulus E and the CBR value, 
Actual data on the subgrade modulus did not exist for the pavement 
to be modelled and therefore a relatively high value of CBR = 5%, 
appropriate at formation level, was selected giving a subgrade 
modulus E 3 = 5 x E07 N/ m2 • 
The finite element technique allowed the 4 m subgrade depth to be 
represented as 8 x 0.5 m deep elements, whose modulus varied linearly 
from 5 x E07 N/ m2 at formation level to 1 .0 E08 N/ m2 at 4 m below 
formation level. 
An initial value of V3 = 0.35 was adopted for the subgrade layer. 
6 .2.6.1.4 Matching the Response of the Theoretical and Actual 
Pavement Structures 
The elastic constants and thicknesses of the initial model are given 
in Figure 6. 3. 
El = 5.0 E09 vl 0. 35 
~ = 5.0 E08 v2 = 0 .35 
~ varied linearly with 
depth from 5.0 E07 to 1.0 E08 
v3 = o. 35 
Moduli uni ts are N/m2 
," h 11 1 100 mm 
~ = 450 mm 
~ 
4000 mm 
\~ 
Figure 6. 3 El asti c Constants and Thicknesses of the Origi nal Hodel 
Analysis of the response of this model to load immediately indicated 
that an assumed value or values was incorrect because the maximum 
deflection was almost three times that recorded on the actual 
pavement's surface and the deflected shape was deeper and shorter. 
The obvious conclusion was that the theoretical model was not stiff 
enough to resist the applied load. 
The parameter most influencing the maximum deflection was the stiffness 
of the subgrade and it was therefore decided to reduce the maximum 
deflection and depth of the deflection dish by increasing the stiffness 
of this layer. 
This was achieved by the introduction of a layer characterised by a 
m.,d....l.......:, ~vl \::.oo lxi::\5 ..JJ~" 
The response of the model to the applied load was determined firstly 
with the stiff layer 1 m below formation level and secondly with the 
stiff layer 2 m below formation level. The response of each of these 
models, in terms of the differential deflection, together with that of 
the actual pavement structure is given in Table 6 .2. 
The results indicate that the response of the model with the stiff 
layer 2 m below formation level was the closest to that of the actual 
pavement. 
The differential deflections characterizing the deflected shape of 
this model were generally lower than those of the actual pavement, 
indicating that although the maximum deflection values were similar, 
the theoretical deflection dish was too deep. 
Further refinements were therefore necessary to improve the accuracy 
of match between the theoretical and actual deflected shapes. 
6.2.6.1.5 Further refinements to the theoretical model 
Two major alterations were made to the finite element model at this 
stage . 
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DISTANCE DIFFERENTIAL DEFLECTION 
FROM 
MAXIMUM ACTUAL ROCK LAYER ROCK LAYER 
DEFLECTION RESPONSE 1 m BELOW FORMATION 2 m BELOW FORMATION 
150 2.0 1.3 2.3 
300 8.8 4.4 5.8 
600 17.6 8.7 11.6 
900 24.8 13.4 17.6 
1200 27.6 16.7 21.8 
1500 29.2 22.6 26.4 
1875 30.2 28.2 30.8 
Table 6.2 Differential deflection at various distances from the 
point of maximum deflection. 
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Firstly, the number of elements mak ing up the model was increased to 
allow the deflected shape of the pavement's surface to be more 
accurately defined in the vicinity of the maximum deflection. This 
meant that the deflected shape was now specified at SO, 100, 200, 300, 
400 and 500 mm from the maximum deflection. 
Secondly, the intermediate granular layer was divided into two layers; 
one representing the granular roadbase and the other, the granular 
sub-base. This alteration was necessary because future work was to 
include an assessment of the effect of change in either the granular 
roadbase or the granular sub-base on the estimate of the bituminous 
layer thickness. 
Figure 6.4 shows the amended model used for subsequent analyses. 
Having made these changes, the model was then used to improve the 
accuracy of match between the theoretical response and the actual 
response of the pavement structure . This proved to be very much a 
trial and error exercise of altering the moduli of the pavement 
layers and subgrade within closely defined limits. 
The most accurate theoretical representation of the actual pavement 
response, Figure 6.5, was produced by loading the pavement structure 
shown in Figure 6.6. 
Hot Rolled Asphal t 
Wet Mix Mac adam 
Type 2 Sub-base 
I' 
SUBGRADE • 
E = l.Sx 10 10 v = 0. 35 
E = 6 X 10 8 
E = 6 X 108 
E 1. 5 X 10 8 
E = 5 X 108 
E 8 X 10 9 
1 0 
E = 8 X 10 
V = 0.35 
V = 0. 35 
V = 0 . 35 
V = 0 . 35 
V = 0 . 35 
V = 0. 35 
100 mm 
300 mm 
150 mm 
500 mm 
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A theoretical model was developed that accurately predicts 
the response under load for a pavement containing a granular 
roadbase. 
6.2.6.1.6 Comparison of the stress levels in the bottom of the 
bituminous layer 
As a further check on the accuracy of the response of the theoretical 
model with a granular roadbase, the computed stress levels were 
. ( 32) 
compared w~th the average stress levels suggested by the Shell Method 
for a structure with similar elastic properties and thicknesses. 
(32) The Shell Method presents a procedure for calculating the average 
stress levels in the bituminous layer. 
To use this procedure it is necessary to divide the bituminous layer 
into three sub-layers; the first two layers should be 40 mm thick and 
the third layer equal to the total bituminous layer thickness less 
80 mm. 
The reason given for this method of subdividing the thickness of the 
bituminous layer is that the uppermost layers are subject to the 
greatest temperature changes and are usually made of a different type 
of mix from that usual in the lower layers. 
The average stress in each sub-layer is dependent upon six variables h 1_3 
E3 , h 2 , E1_3 , E1_2 and E1_1 , where E3 = subgrade modulus, h 2 =thickness 
of the unbound layer, E1_3 =modulus of the bottom asphalt layer, 
E1_2 =modulus of the intermediate asphalt layer, E1_1 = modulus of 
the top asphalt layer and h 1_3 = the thickness of the lower bituminous 
sub-layer. 
The procedure calculates the average stress in each sub-layer as the 
product of the contact stress of the standard design wheel, 6 x 105 N/m2 
and the propotionality factor z. 
The appropriate proportionality factor z is determined using the six 
previously specified variables as iriput into a number· of d'ata 
. \: o.'o\~s . 
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For the pavement structure with a granular roadbase, 
8 
E3 = 1.5 X 10 N/ m2 
h2 = 450 mm 
h = 1-3- 20 mm 
El-3 = 1.5x 
1010 N/m2 
El-2 = 1.5x 1010 N/m
2 
El-l 1.5x 
1010 N/ m2 
Proportionality factors (z) for this non typical structure of 100 mm 
of bituminous material on top of 450 of granular material are not 
. (32) 
contained in the data tables presented ~n the Shell Method. Use 
was therefore made of the tables corresponding to the structures 
closest to that investigated. Details of these structures and the 
corresponding z factors derived from the tables in the Shell Method t32 ) 
are given in Table 6.3. 
Subgrade Thickness of Thickness of 
Modulus N/m2 unbound layer the mid-asphalt z, z2 z3 
(mm) sub-layer (mm) 
2 X 108 300 0 -0.3 1.1 -
2 X 108 300 50 0 0.5 o.a 
2 X 108 600 0 -0.1 1.0 -
2 X 108 600 50 0.1 0.5 0.8 
Table 6.3 
10 In all cases E1_1 , E1_2 , and E1_3 were equal 1 x 10 N/m
2
• 
The proportionality factors (z) of interest were those corresponding 
to the lower bituminous sub-layer and reference to Table 6.3 will show 
that the range lies between 0.8 and 1.1. This would suggest an average 
level of between 4.8 x 10S N/m2 and 6.6 x 105!.'J/ ml · in the lower bituminous 
layer. 
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The stress level at the bottom of the bituminous layer of the structure 
with a granular roadbase was calculated, using the finite element 
6 
approach to be equal to 1.5 x 10 N/m2 • 
This value is greater than that suggested b~ the charts in the Shell 
Method ( 3 2) due b bl t th d · ff · h · d f h 1 • pro a y o e 1 erences 1n t e magn1tu e o the w ee 
loads, layer moduli and layer thicknesses. 
This exercise has shown that the. st.ress level in the bituminous l~yer 
o= the pavement model is not unrealistic. 
This, together with the fact that the deflected shape of the theoretical 
model was very similar to that of the actual pavement structure, 
suggested that the response was sufficiently accurate to be used as 
the basis of an investigation into a relationship between curvature 
and bituminous layer thickness. 
6.2.6.2 Pavement with a bituminous roadbase 
The absolute response of a pavement with a bituminous roadbase 
has also been reproduced theoretically by defining the structure 
as the layered system, shown in Figure 6 . 7. 
Hot Rolled Asphalt E = 1.5x 1010 V = 0.35 
Bituminous Roadbase E = 1.5 X 101 0 V = 0.35 
Type 2 Sub-base E = 6 X 108 V = 0.35 
r 
E = 1.5 X 108 V 0.35 
) E = 5 X 108 V = 0 . 35 
SUB GRADE 
E = 8 X 109 V = 0.35 
E = 8 X 1010 V = 0.35 
~ 7~ ~ ~ ?"«::::::::: ;>" ......::::: 
Figure 6 . 7 Deta ils of t he pavement str uctur e with a bi t umi nous 
13 0 
100 mm 
11 
75 mm 
150 mm 
11 
500 mm 
500 mm 
~ 
1000 mm 
2000 mm 
r oadbase . 
Again, only the thicknesses of the pavement layers were known 
for the actual structure. However, in this case it could be assumed 
-
that the moduli and Poisson's ratio values for the hot rolled 
asphalt, the type 2 sub-base and the subgrade, were the same as 
those for the structure with a granular roadbase, because both 
structures were adjacent sections in the small road system at the 
Transport and Road Research Laboratory. This meant that the only 
unknown was the modulus of the bituminous roadbase. Initial values 
were taken from typical published data and were subsequently altered 
within clearly defined limits to improve the accuracy of match 
between the response of the theoretical model and that of the actual 
pavement structure. The most accurate representation of the actual 
response of a pavement with a bituminous roadbase is given in 
Figure 6.8. 
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6.3 IDENTIFYING THE SECTION OF THE DEFLECTED SHAPE MOST INFLUENCED 
BY THE PROPERTIES OF THE BITUMINOUS MATERIAL 
A prerequisite to developing a relationship between curvature and 
thickness of the bituminous layer was the need to identify the 
section of the deflected shape most sensitive to changes in the 
thickness of the bituminous layer and least sensitive to changes in 
the strength of the subgrade. 
This was determined by independently varying the thickness of the 
bituminous layer and strength of the subgrade and expressing the 
effects, on the deflected shape, as percentage changes in the 
differential deflection at various distances from the point of 
maximum deflection, Figure 6 .9. 
Reference to Figure 6.9 will show that the thickness of the 
bituminous layer has the greatest influence on the deflected shape 
in the vic~nity of the maximum deflection and that subgrade strength 
has the greatest influence on the deflected shape at distance from 
the point of maximum deflection. 
6.3.1 Selecting the position of a suitable ordinate deflection 
Having determined that the shape in the vicinity of the maximum 
deflection was of most interest, the next step was to select the 
position of the ordinate deflection within this area whose changes 
in magnitude,as a result of changes in the thickness of the 
bituminous layer, were large enough to be recorded by a Deflectograph, 
i.e. there would be no point in selecting the ordinate deflection 
SO mm from the point of maximum deflection if the corresponding 
differential deflection value at this point changed by less than 
1 " 
100 mm when the thickness was reduced from 300 mm to SO mm. 
The most suitable position of the ordinate deflection was determined 
from Figure 6.10, which shows the differential deflection at 
various distances from the point of maximum deflection for pavements, 
with SO, 100, 1SO and 300 mm of bituminous material. 
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Figure 6 . 10 indicates that the magnitude of the differential deflection 
increases with decrease in the thickness of the bituminous material 
and that the range of differential deflection, for a given range of 
layer thickness, increases with increase in distance from the point 
of maximum deflection. 
The differential deflection 200 mm from the point of maximum 
deflection was selected as the measure of curvature, because the 
ever decreasing range of differential deflections nearer to the 
maximum deflection would have made it extremely difficult to detect 
changes in bituminous layer thickness. 
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6.4 INVESTIGATING THE RELATIONSHIP BETWEEN DEFLECTED SHAPE AND 
THICKNESS OF THE BITUMINOUS LAYER 
Analysis of the effect of different thicknesses of bituminous 
material on the response of the theoretical model has resulted 
in the derivation of a relationship between curvature and thickness 
of the bituminous material, Figure 6.11. This relatively simple 
relationship could have formed the basis of a bituminous layer 
estimation procedure ·if it could have been assumed that the 
strengths and thicknesses of the other pavement layers and subgrade 
remained constant along a length of road. 
However, variations in these values do occur in practice and it was 
therefore necessary to investigate the possible effect of each 
likely change on the deflected shape and hence estimate of thickness. 
A range of thicknesses and moduli, Table 6.4, thought likely to 
occur for the materials present in the pavement layers and subgrade, 
were incorporated into the model. In each case the magnitude of all 
other parameters remained unaltered when the magnitude of either 
the modulus or thickness of one of the layers was changed. 
The effect of these changes on the deflected shape was determL~ed 
for pavements with 50, 100, 150 and 300 mm of bituminous material. 
(The values underlined correspond to the initial pavement 
structure modelled) . 
Layer Modulus (N/m2 ) 
Bituminous Surfacing 4.2 X 108 , 1.9 X 10 9 
6.2 X 109 , 1.5 X 1010 
Granular Roadbase 2 X 108 1 6 8 X 10 1 
9 X 10 8 
Granular Sub-base 2 X 108 I 6 X 10 8 1 
9 X lOB 
Subgrade 2.5 X 107 , 5.0 X 107 
1.0 X lOB I 1.5 X 108 
2.5 X 108 
Table 6. 4 Typical Moduli and Thickness Values 
13. 7 
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Figure 6.11 Cha r t showing the relationship between curvature, defined as a differential deflection 200 mm from the 
point of maximum deflection, and thickness of the bituminous laver. 
Analysis of the deflected shape measurements produced by the model 
for each parameter change has resulted in the construction of a 
chart, Figure 6.12, showing the relationship between curvature, 
defined as a differential deflection 200 mm from the point of 
maximum deflection, and maximum deflection for pavements with various 
thicknesses of bituminous material. 
The slopes of the lines on the chart suggest that a measure of the 
deflected shape in the vicinity of the maximum deflection is more 
sensitive to changes in the properties of the bituminous material 
(greater slope) than the properties of the other pavement materials, 
and that the maximum deflection is greatly influenced by the 
properties of the subgrade (one of the main problems associated 
with its use as a measure of pavement condition) • 
This trend becomes less pronounced as the thickness of the bituminous 
material increases. 
Figure 6.12 demonstrates that variations in the properties of the 
pavement layers and subgrade will effect the deflected shape, 
especially for pavements with thin layers of bituminous material, 
and that these changes in shape will also influence the estimate of 
the thickness of bituminous material. Quantification of the errors 
that may be introduced in the estimates of thickness as a result of 
these variations in material properties are considered later in this 
chapter. 
This chart, Figure 6 .12., could be used in conjunction with 
measurements of the absolute deflected shape of the pavement's 
surface, to estimate the thickness of bituminous material present 
in a flexible pavement structure. 
However, to allow estimates of layer thickness to be made from 
curvature measurements recorded by a Deflectograph, it is necessary 
to express this relationship in terms of equivalent Deflectograph 
deflected shape measurements. 
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-6.5 CONVERTING ABSOLUTE DEFLECTION MEASUREMENTS INTO EQUIVALENT 
DEFLECTOGRAPH DEFLECTION MEASUREMENTS 
The Deflectograph, like the Deflection Beam, does not measure the 
absolute deflection produced by its rear wheels; only a proportion 
of the deflection is measured. 
The proportion of the deflection not seen by the measuring system is 
related to the fact that the vehical loading influences the pavement 
over a large area, Figure 9.13, and the fact that the datum frame 
rotates during the measurement cycle as the position of the wheels 
change relative to the datum points. 
deflection mie-way 
~tween-wheelpaths 
CONDITIONS AT THE START 
OF THE MEASUREMENT CYCLE 
- -- -
CONDITIONS AT THE POINT OF 
MAXIMUM RECORDED DEFLECTION 
Figure 6 .13 
UNDISTURBED ROAD SURFACE 
atum frame 
--
UNDISTURBED ROAD SURFACE 
_da~ frame~ 
-
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These effects make the choice of datum frame and measurement arm 
critical and also dictate that the location of the measurement cycle 
relative to the loaded wheels should be accurately defined and 
constant for each measurement. 
6.5.1 Estimating the deflection measured by a Deflectograph 
An equation has been derived that can be used to estimate the accuracy 
(30) 
of the deflection as measured by a Deflectograph: 
Recorded deflection 
where YA movement of datum point A 
YB = movement of datum point B 
Ye = movement of datum point C 
The suffixes 0 & T refer to the 
initial and maximum position of the 
datum points relative to the 
undisturbed road surface. 
-- Equation 6 . 1 
A,------- C 
Diagram showing reference frame 
and measuring arms • 
It was not possible to use Equation6,1to determine directly the 
equivalent Deflectograph response from a knowledge of the absolute 
deflection, because it represented the response of a two-dimensional 
model of a flexible pavement structure and, as such, gave no 
indication of the movement of the datum point B at the end of the 
reference frame. 
An alternative method of transforming absolute deflections into 
equivalent Deflectograph deflections was therefore required. 
The method adopted was to initially convert the absolute deflection 
measurements into equivalent Deflection Beam deflections and then use 
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correlation factors to convert these deflections into equivalent 
Deflectograph deflections . 
N.B . The equation for converting absolute deflections into equivalent 
Deflection Beam deflections is given later and reference to it will 
show that information is not required on the movement mid-way between 
the wheelpaths to convert absolute deflections into Deflection Beam 
deflections. 
6.5.2 Derivation of the correlation factors between the 
Deflection Beam and Deflectograph deflections. 
The deflected shape information, Figure 6.14, used initially to ensure 
that the response of the theoretical model was similar to that of 
an actual pavement structure,also included a measure of the deflection 
mid-way between the wheelpaths (movement of datum point B) . This 
meant that this information could be used to determine, 
(i) the equivalent Deflectograph deflections using 
Equation 6 . 1 ; 
and 
(ii) the equivalent Deflection Beam deflections using 
h f 11 . 1 . ( 24) t e o ow~g genera equat1on: 
Deflection = t x movement of the measuring toe - ~ x 
9 
movement of the front feet - 10x movement of the rear 
feet. 
The overall deflection measurement is composed of the initial, 
maximum and final recorded deflections, i.e.: 
Overall deflection = 2 x recorded maximum reading -
recorded final reading. 
- - -Equation 6. 2 
As is the case with the Deflectograph, the deflection measurement 
recorded by the Deflection Beam is related to the movement of the 
reference f rame during the measuring cycle. The reference frame 
143 
5 
10 
E 15 
E 
;;:: 
~ 
0 
0 
r-i 
' r-i 
s:: 
0 
.,..; 
~ 
u 
Q) 
20 
<:=: 25 
<V 
Q 
30 
35 
0 100 200 
--- -
Distance from point of maxi mum defl ection (mm) 
300 400 500 600 700 800 900 1000 
---
---
-
--
-
--
--
-
--
--
---
Deflection in nearside wheelpath 
Deflection midway b etween wheelpaths 
Figure 6 .14 Defl ectjon in ne arside wh ee lpath ~:md midway between the wheelpaLhs on a pavement with a granular roadbase . 
of the Deflection Beam is mounted on two sets of feet and it is 
the movement of these front and rear feet which influences the 
recorded deflection. 
Figure 6.15 shows the equivalent Deflectograph and Deflection Beam 
deflections calculated using the absolute deflection measurements 
(Figure 6.14) and Equations 6.1 and 6. 2 respectively. 
The relationship is very much as expected; the response measured 
by the Deflectograph is less than that measured by the Deflection 
Beam and that both are less than the absolute deflected shape. 
Analysis of the deflected shapes shown in Figure 6.15 has allowed 
correlation factors to be derived for the relationship between 
Deflection Beam deflections and Deflectograph deflections at 100 mm 
intervals from the point of maximum deflection, Table 6. 5. 
Distance from the Deflection Beam Deflectograph Correlation 
maximum deflection deflection Factor 
1 11 1 11 deflection (mm) ( 100 mm) ( 100 mm) 
0 31.8 30.5 0.96 
100 30.14 29.3 0.97 
200 26.42 23.4 0.89 
300 21.78 17.5 0.81 
400 17.67 12.0 0.68 
500 13.00 7.5 0.58 
600 9.06 3.7 0.40 
700 4.76 1.4 0.30 
Table 6.5 Correlation coefficients for deflection measurements 
on a structure with a granular roadbase. 
The correlation factors, based upon the response of a structure with a 
substantial granular roadbase on top of a granular sub-base, suggests 
that the Deflectograph deflections are at their closest to the 
Deflection Beam deflections in the vicinity of the maximum deflection 
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and that the difference between the two increases with increase in 
distance away from the point of maximum deflection. 
The correlation factors also appear to be dependent upon the response 
of the structure being surveyed. 
Presented in Table 6.6 are the correlation factors for a structure 
with a bituminous roadbase and comparison of these values with those 
in Table 6.5 will indicate smaller correlation factors for measurements 
in the vicinity of the maximum deflection on the stiffer structures 
(bituminous roadbase). This would suggest a greater difference between 
the deflected shapes recorded by a Deflection Beam and a Deflectograph 
on stiffer structures in the vicinity of the maximum deflection, but 
closer agreement at distance from the maximum deflection. 
Distance from the Deflection Beam Deflectograph Correlation 
maximum deflection deflection Factor 
1 11 1 11 deflection (rmn) (100 rmn) (100 rmn) 
0 14.4 11.9 0.83 
100 13.6 11.33 0.83 
200 12.3 10 . 05 0.82 
300 11.2 8.5 0.76 
400 9.6 6.8 0.71 
500 7.9 4.9 0.62 
600 6.0 3 .0 0.50 
700 4.0 1.6 0.40 
Table 6 . 6 Correlation coefficients for deflection measurements 
on a structure with a bituminous roadbase. 
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6.6 THE DEVELOPMENT OF A BITUMINOUS LAYER THICKNESS ESTIMATION 
CHART FROM PREDICTED DEFLECTOGRAPH CURVATURE AND DEFLECTION 
MEASUREMENTS. 
The equivalent Deflectograph curvature (defined in terms of the 
differential deflection 200 mm from the point of maximum deflection) 
and maximum deflection readings were used to construct a bituminous 
layer thickness estimation chart, Figure 6.16 , of the type shown in 
Figure 6.12. 
The relationship between curvature and maximum deflection is shown 
for pavements with 50, 100, 150 and 300 mm of bituminous material. 
The influence that layer stiffness and thickness can have on the 
relationship is also presented. 
The fact that the deflected shapes recorded by the Deflectograph are 
steeper than the absolute, Figure 6.15 , has resulted in a difference 
in the magnitude of the relationships in Figure 6.16, when compared 
to those shown in Figure 6 .12; for a given maximum deflection, the 
corresponding differential deflection calculated from the Deflecto-
graph deflections is greater than the absolute differential 
deflection. 
These differences between the absolute deflected shape and those 
recorded by the Deflectograph are entirely due to the influence 
that the movement of the deflection bowl has on the measuring arm 
of the Deflectograph during the measuring cycle. 
The differences in magnitude are not important because this chart, 
Figure 6.16 , could be used in conjunction with the deflected shape 
measurements recorded by a Deflectograph to estimate the thickness 
of bituminous material present in a pavement structure. 
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6 . 7 ASSESSING THE ACCURACY OF THE ESTIMATE OF BITUMINOUS 
LAYER THICKNESS 
The accuracy of the proposed method was assessed by quantifying the 
effect of changes in either the modulus or the thickness of each of 
the pavement layers and subgrade on the estimate of bituminous layer 
thickness. 
In each case, values considered to represent the extremes of the range 
for the modulus and the thickness, Table 6.4 were incorporated into 
the model. 
For each parameter change, the effect on the deflected shape and 
estimate of bituminous layer thickness i s expressed as an accuracy 
chart, which can be used to determine the concequences of a particular 
change on the estimate of a range of bituminous thicknesses. 
Also considered is the effect that soft spots in the granular sub-base 
and cracks in the bituminous layer can have on the estimate of 
bituminous layer thickness. 
6 . 7 . 1 Stiffness of the bituminous material 
Temperature and traffic loading are the two parameters most likely 
to affect the stiffness of the bituminous material. 
6 .7.1.1 Changes in stiffness due to temperature 
Temperature can have a great influence on the stiffness of the 
bituminous material and hence the measurement of curvature. It was 
therefore decided to investigate the possible effect that an increase 
in temperature from 10° C to 20° C can have on the estimate of 
bituminous layer thickness. 
Use was made of Figure 6 .17 to determine the temperatures within 50, 
100, 200 and 400 mm of bituminous material for Mean Monthly Air 
Temperatures of 10° C and 20 ° C , Table 6 . 7 . 
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Thickness ean 
of bituminous (oC 10 20 
material (mm) 
50 15 31 
100 15 29 .5 
200 14.5 28 
400 13 27 
Table 6.7 Pavement temperatures corresponding to air temperatures 
of 10 and 20°C . 
Reference to Table 6 .7 will show that for a given air temperature 
a higher temperature exists within the thinner bituminous layers. 
These pavement temperatures were then used in conjunction with curve 
S1 in Figure 6.18 to estimate the corresponding stiffness of the 
mix, Table 6.8. 
Thickness - ean 
of bituminous· ( oc) 10 20 
material (mm) 
50 6.2 X 10 9 1.7 X 10 9 
100 6.2 X 10 9 1.9 X 10 9 
200 6.4 X 10 9 2.2 X 10 9 
400 6.9 X 109 2.5 X 109 
Table 6 . 8 Mix stiffnesses corresponding to air temperatures of 
10 and 20°C. 
An assumption was made at this stage as to the applicability of 
the curves in Figure 6.18. 
The lack of more detailed information resulted in curve S1 being 
selected as the most appropriate for the bituminous material present 
in the pavement , because it represented the average stiffness 
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characteristics of most common dense base course mixes. 
The thicknesses and stiffnesses shown in Table 6.8 were incorporated 
into the theoretical model and the resulting effect on the deflected 
shape and estimate of bituminous layer thickness is expressed in 
Figure 6.19. 
The results were as to be expected; the lower stiffnesses brought 
about by the higher temperatures greatly reduced the overall strength 
of the road as indicated by the increased curvature values. 
Reference to Figure 6.19 will show that an increase in air temeprature 
from 10°C to 20°C on a pavement with 100 mm of bituminous material 
could result in about a 45% underestimate of the thickness present. 
A similar increase in temperature on a pavement with 400 mm of 
bituminous material could result in about a 40% underestimate of the 
thickness present . 
The strong influence that the effect of temperature on the stiffness 
of the bituminous material can have on curvature is clearly 
demonstrated, and must be taken into consideration in any procedure 
for estimating bituminous layer thickness from curvature measurements. 
Details are given later in this chapter of a procedure for temperature 
correcting curvature measurements, recorded with a Deflectograph, 
to equivalent values at 20°C. 
6 . 7.1.2 Changes in stiffness due to traffic loading 
Even in a well designed pavement the stiffness of the bituminous 
material will very gradually decrease as the number of standard 
axles carried by the pavement increases. Changes in stiffness due 
to traffic would not occur during the time taken to survey a given 
length of road with a Deflectograph. 
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Figure 6 . 19 The effect of the stiffness of t he bituminous material on 
the estimate of t he thickness of the bituminous mate rial . 
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6.7.2 The modulus and thickness of the granular layers 
6.7.2.1 Changes in modulus 
Changes in the resilient modulus of the granular layers can occur as 
a result of either the presence of water or changes in the material 
type, density, etc. The problem of water entering a granular layer 
is dealt with more fully later in this section. 
Two moduli values representing the typical upper and lower limits 
for the materials present in the roadbase and sub-base were 
incorporated into the theoretical model. 
The effect of these roadbase and sub-base moduli on the deflected 
shape and estimate of thickness of the bituminous layer is shown 
in Figures 6.20 and 6.21 respectively. 
Reference to Figure 6 .20 will show that a reduction in roadbase 
modulus of about 66 per cent can result in a 40 per cent underestimate 
in the thickness of a 100 mm layer of bituminous material, or a 10 per 
cent underestimate in the thickness of a 250 mm bituminous layer. 
An increase in roadbase modulus of about 33 per cent can result in a 
15 per cent overestimate in the thickness of a 100 mm bituminous 
layer,or an 8 per cent overestimate in the thickness of a 250 mm 
bituminous layer. 
The effect of similar increases and decreases in the sub-base modulus, 
Figure 6.21, was less than that associated with corresponding changes 
in the roadbase modulus. This was probably due to the fact that the 
thickness of the sub-base was half that of the roadbase. 
6.7.2.2 Changes in thickness 
Changes in the thickness of the roadbase and the sub-base can occur 
either during the initial construction period or as a result of 
subsequent strengthening work. 
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The effect of an increase or decrease in the thickness of the roadbase 
and sub-base on the deflected shape and estimate of bituminous layer 
thickness have been studied and the results presented in Figures €.22 
and 6.23 respectively. 
Reference to Figure 6. 22 will show that an increase in the roadbase 
thickness of about 33 per cent can result in an 8 per cent overestimate 
in the thickness of a 100 mm bituminous layer, or a 2 per cent over-
estimate in the thickness of a 250 mm bituminous layer. 
A decrease in the roadbase thickness of about 33 per cent can result 
in a 4 per cent underestimate in the thickness of a 100 mm bituminous 
layer, or a 2 per cent underestimate of a 250 mm bituminous layer. 
Increasing or decreasing the thickness of the sub-base by about 33 per 
cent has little effect (less than 5 per cent) on the estimate of 
bituminous layer thickness, Figure 6.23. 
It would appear that for both the roadbase and sub-base the limits 
of thickness used have less effect on the estimate of bituminous 
layer thickness than the limits of modulus. It would therefore 
follow that more attention should be paid to the likelihood of changes 
in the modulus of these materials than to changes in their thickness. 
6.7.3 The modulus of the subgrade 
Changes in subgrade modulus are common and can occur for a variety of 
reasons; change in material type, compaction, density, moisture 
content, etc . 
Subgrade strength is normally specified in terms of the California 
Bearing Ratio (CBR) ; strong subgrades have a high CBR value 15+ and 
weak subgrades have a low CBR value, less than 5. 
The theoretical model was used to show the effect that a range of 
subgrade CBR values (2.5, 5, 10, 15 and 25) would have on the deflected 
shape and estimate of the thickness of the bituminous material. The 
results of this work are presented in Figure 6 . 24 . 
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Reference to Figure 6.24 will show that a reduction in subgrade 
modulus of about 66 per cent (equivalent to a CBR change from 15 to 
o)can result in a so per cent underestimate in the thickness of a 
100 mm bituminous layer, or in a 40 per cent underestimate in the 
thickness of a 250 mm bituminous layer . 
An increase in subgrade modulus of about 66 per cent (equivalent to 
a CBR change from 15 to 25) can result in a 15 per cent overestimate 
in the thickness of a 100 mm bituminous layer or a 26 per cent 
overestimate in the thickness of a 250 mm bituminous layer. 
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6.7.4 The effect of soft spots in the granular sub-base on the 
estimate of bituminous layer thickness 
The term, 'soft spot', is often used to describe a section of granular 
material significantly weakened by the presence of water. 
The existence of soft spots will result in an increase in both the 
maximum deflection and the curvature, defined as a differential 
deflection 200 mm from the point of maximum deflection. 
Any increase in the magnitude of the differential deflection will 
be interpreted as a decrease in the thickness of bituminous material 
present in the pavement, i.e. it will lead to an underestimate of the 
thickness. 
The object of this investigation was to quantify the extent of the 
underestimate caused by the existence of soft spots of various sizes, 
introduced at different positions in the sub-base relative to the point 
of application of the load. 
To achieve this objective it was not necessary to make any major 
changes to the structure of the theoretical model, Figure 6.4. 
Figure 6.25 represents a 1.5 m section of the model showing the 
elements making up the bituminous surfacing layer, the granular 
roadbase layer and the granular sub-base layer. 
The elements making up the subgrade are not detailed. 
The sub-base elements have been numbered 1 to 9 to allow easy 
identification of the position of the weaker areas, characterized 
by a modulus «<t_-v..c..l \:. o 
Table 6 . 9 gives details of the size and position of the soft spots 
and expresses their relative effect in terms of a percentage under-
estimate of the thickness of the bituminous layer. It can be 
concluded from Table 6 . 9 that the magnitude of the underestimate 
of a 100 mm thick bituminous layer, by the introduction of weak 
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Figure 6 . 25 A 1.5 m section of t he pavement model s howing t he bi t uminous layer and granul ar roadbase and 
sub-base layers. 
2 1 
SUB-BASE 
ELE.\ffiNT 1 2 3 4 5 1&2 2&3 3&4 4&5 1,2&3 1,2,3 1,2,3 1, 2 ,3 
NUHBERS &4 4&5 4,5&6 
TOTAL LENGTH 
OF THE 50 50 100 100 100 100 150 200 200 200 300 400 500 
WEAK AREA 
-
PERCENTAGE 
UNDERESTIMATE 2.5 2.5 5 4 2 7 8 10 7 17.5 28 38 47 
OF BITUMINOUS 
LAYER THICKNESS 
Table 6 . 9 The effect of a soft spot on t he estimate of thickness of bituminous material . 
areas in the sub-base, is dependent upon their size and position 
relative to the differential deflection used in the estimate of layer 
thickness. 
The vast decrease in strength associated with the soft spots was 
selected on purpose to demonstrate the effect that these extreme 
conditions can have on the estimate of bituminous layer thickness. 
It must be emphasised that these underestimates only apply to the 
particular structure investigated and that they cannot be assumed 
to be representative of the possible influence of soft spots 
on the estimate of bituminous layers of different thicknesses. 
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6.7.5 The effect of single vertical cracks on the estimate of 
bituminous layer thickness 
Work was undertaken to quantify the effect that fatigue cracking 
in the bottom of the bituminous layer can have on the estimate of 
bituminous layer thickness. Fatigue cracks arise as a result of 
excessive tensile strains being developed at the bottom of the 
bituminous layer; a phenomenon . associated with a reduction in the 
stiffness of the bituminous material. 
Assumptions were made as to the size of the vertical cracks and the 
thickness of the bituminous layer. No provision was made for 
investigating the rate of propagation of the crack through the 
bituminous material. 
Any estimate of the effect of cracking in the lower half of a 
bituminous layer on the estimate of thickness was therefore only 
applicable to one particular instance in time relative to the 
propagation of the crack through the material and to one thickness 
of bituminous material. 
It was not thought that this approach was unduly restrictive, because 
it was felt that the results would at least give a first indication 
of the possible effects of cracking on the estimate of bituminous 
layer thickness. 
A number of changes were made to the finite element model to allow 
the individual cracks to be modelled. Firstly, the number of rows 
of elements representing the bituminous layer was increased from 1 
to 3, to allow the length of the crack to be specified. Secondly, 
to make use of the assumptions in the CRACKTIProutine of PAFEC 75( 53 > 
it was necessary to rearrange the nodes of the elements in the 
region of the crack tip. 
The elements of this particular model had one mid-side node and 
these were moved to the t position at each crack tip, Figure 6.26. 
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Figure 6' .26 Distortion of the Elements in the Region of 
the Crack Tip 
Note that the crack itself was identified by specifying two nodes at 
the same position, Figure 6 .26, i . e . node 1 would be included in the 
list of nodes for element A and node 2 (although at the same position 
as node 1) would be included in the list of nodes defining element B. 
Vertical cracks were introduced into the lower half of a 175 mm thick 
bituminous layer at distances of 250 , 500, 750, 1000 , 1500 and 2000 mm 
from the point of application of the load . Specifying the cracks at 
various locations relative to the point of application of the load , 
allowed an a s sessment to be made of the effect that the position 
w~thin the layer can have on the estimate of thickness. 
The effect of vertical cracks at these positions on the estimate of 
bituminous layer thickness is given in Table 6 .1 0 . 
Position of the crack 
relative to the point 250 500 750 1000 1500 
of application of the 
load (mm) 
Percentage underestimate 
in the thickness of t he 6 4 2 2 <1 
bituminous layer . 
Table o. 10 The Effect of a Singl e Cra ck on the Estimate of 
Bituminous Layer Thickness. 
1·69 
2000 
<1 
A single vertical crack resulted in an underestimate of bituminous 
layer thickness; the magnitude of the underestimate was generally 
less than 6% and was largely dependent upon the position of the 
crack relative to the differential deflection used to define 
deflected shape. 
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6. 8 MEASURING CURVATURE ~UTH THE DEFLECTOGRAPH 
A Deflectograph was used to measure the deflected shape 
of the road's surface on the lightly trafficked test sites in Devon 
and Somerset. Digital equipment has been added to the basic 
Deflectograph in order that the deflected shape or curvature of the 
road's surface, as seen by the transducer in the measuring head, is 
recorded as a series of ordinate deflection readings, Figure 6.27. 
Original level of th~avemen~ surface 
Maximum 
Deflectio 
7 
~eflected shape of the 
pavement's surface 
Figure 6.27 Recording the Deflected Shape as a Maximum Deflection 
and 10 Ordinate Deflections 
The deflected shape or curvature of the pavement's surface is recorded 
on a time basis and the total number or ordinate deflection readings 
making up each curvature measurement is therefore dependent upon the 
speed of the Deflectograph. This can best be explained by considering 
the cycle of operation as illustrated in Figure 6 . . 28. 
At this start of the measuring cycle the dual rear wheels are in 
position A and the measuring beam assembly is stationary. The tips 
of the measuring arms are then at a position approximately 1100 mm 
ahead of the centre-line of the rear axle. To connect the beam arm 
extension to the transducer core, a solenoid is energised; this causes 
two anvils to grip the vertical spring of the transducer. The tips 
of the measurement arms are by then approximately 990 mm in front 
of the centre-line of the rear axle,and it is from this point B that 
the measurement of deflection begins. As the rear wheels continue 
to move towards the measuring arms, the road surface at point c 
senses the bowl of deflection moving forward with the wheel. This 
downward movement is detected by the measuring arm and is transferred 
to the measurement transducer via the extension arm and the clamping 
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About 110mm 
Figure 6.28 Cycle of Operation (After Kenned~ et al) (25 > 
solenoid in the recording track. When the centre-line of the rear 
wheels has reached a point D, 230 mm in front of the tip of the 
measurement arms, the clamping solenoids are de-energised; this 
allows the transducer armature and vertical spring to fall back 
to their rest position. 
The distance over which the wheels move through (B to D) , in relation 
to the stationary beam assembly, is relatively constant and it is 
the speed of the Deflectograph which governs the time for which the 
transducer is operational. 
The changes in speed referred to were relatively small and occurred 
when the Deflectograph was either going up or down hills and it 
follows that the severity of the steepness of the hill will control 
the rate of change of the total number of ordinate deflection 
readings making up each curvature measurement. 
Use of the Deflectograph on lightly trafficked roads has indicated 
that the total number of ordinate deflection readings generally lies 
between 550 and 650. 
A decrease in speed results in more ordinate deflection readings per 
curvature measurement and this will result in them being more closely 
spaced in terms of horizontal distance. Conversely, an increase in 
speed means less ordinate deflection readings per curvature 
measurements resulting in them being more widely spaced in terms of 
horizontal distance. 
As an example, for the ordinate deflection reading range given 
f 1220 previously, the lower limit gives a horizontal spacing o 550 
f 1220 = and the upper limit gives a spacing o 650 1.9 mm. 
2.2 mm, 
6 . 8.1 Selecting the position of the ordinate deflections to define 
the deflected shape 
The digital equipment has been so arranged that it is possible to 
pre-select ten of the ordinate deflection readings to define the 
shape of the deflection dish. 
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A maximum of four different spacings between the groups of readings 
is possible and a typical selection would be 
4 at 30 3 at 60 2 at 100 1 at 150. 
The first figure (4) is the number of ordinate deflection readings 
on a scale from 1 to 9 and second figure (30) is the spacing between 
each reading on a scale from 1 to 99. 
The above selection would result in the 30th, 60th, 90th, 120th, 180th, 
240th, 300th, 400th, 500th and 650th ordinate deflection readings 
being recorded. 
6.8.2 Methods used to record the deflected shape measurements 
Curvature output from the Deflectograph is in three forms: -
(i) A chart recorder which plots the deflection dish as seen 
by the transducer. 
(ii) A line printer which types the results in the following 
format: 
(a) 
(b) 
060 006 012 018 
030 003 006 009 
024 
012 
030 
015 
036 042 
018 021 
048 
024 
054 
027 
060 
030 
The row of results shown as (a) corresponds to the curvature 
measurement in the nearside wheelpath and those shown as (b) 
corresponds to the curvature measurement in the offside wheelpath. 
The first three digit number in both rows (a) and (b) represents the 
magnitude of the maximum deflection and the next ten three digit 
numbers represents the magnitude of the ordinate deflections defining 
the curvature. All deflection measurements are in hundredths of a 
millimeter. 
(iii) A paper tape punch produces a paper tape for direct input 
into the computer, allowing the results to be processed 
using the DEFLEC suite of computer programmes. 
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6.8.3 Problems associated with recording deflected shape on a 
time basis 
The variation in the number of ordinate deflections making up each 
curvature measurement was the major problem associated with recording 
the deflected shape on a time basis because these variations often 
resulted in the definition of different portions of the overall 
deflection dish. 
Variations of this nature meant that it was not possible to detect 
changes in the condition of the pavement by directly comparing the 
recorded curvature values; an adjustment to the points defining the 
shape was needed. 
An initial solution to the problem involved the use of the output from 
the line printer on board the Deflectograph. This output included 
the total number of ordinate deflections making up each curvature 
measurement and constant reference to this figure by the operator 
allowed him to compensate for any change by altering the relative 
positions of the preselected ordinate deflections. This action 
ensured that the same proportion of the overall deflected shape 
was recorded each time. 
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6. 9 TEMPERATURE CORRECTION OF CURVATURE MEASUREMENTS 
Correcting curvature measurements for the effects of temperature on 
the stiffness of the bituminous material is necessary to allow 
direct comparison of readings recorded at different temperatures on 
pavements of various thicknesses of bituminous material. The effect 
that temperature can have on the stiffness and hence the deflected 
shape was demonstrated using the theoretical model. 
The lack of any detailed information concerning the relationship 
between curvature and temperature meant that use had to be made of 
the existing relationships between deflection and temperature. (35 ) 
Curvature was defined as the difference between the maximum and 
ordinate deflection readings (differential deflection) and both of 
these deflections were temperature corrected to equivalent values 
at 20°C, using the relevant deflection and temperature relationship 
in LR833! 35)The appropriate temperature correction chart was selected 
on the basis of the overall thickness of bituminous material, and 
proportion of dense bituminous material present in the pavement. 
The equivalent differential deflection (curvature measurement) 
at 20°C was calculated as the difference between the temperature 
corrected maximum and ordinate deflection readings. 
Although this method of accounting for the influence of temperature 
on the stiffness of the bituminous material is not ideal, it can be 
argued that the previously derived relationship between maximum 
. ( 35) deflect1on and temperature cannot be all that different from a 
curvature and temperature relationship when curvature is defined 
as the difference between the maximum deflection and an ordinate 
deflection 200 mm from the point of maximum deflection. 
6.9.1 The effect of temperature correction on the magnitude of 
the deflection readings. 
Table 6 .11 shows the effect of temperature correction on a range of 
maximum, ordinate and differential deflections, initially recorded 
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on a number of pavements with 40 mm and 100 mm of bituminous material. 
A comparison of the measured and standardised values shows that the 
temperature correction procedure effects the magnitude of both the 
maximum and the differential deflection's. Variations between the 
measured and the temperature corrected values will be dependent 
upon the magnitude of the original readings, the temperature at 
the time of the survey and the temperature correction chart selected; 
(the latter being dependent upon the thickness of bituminous material 
in the pavement) • 
Differences in the magnitude of the measured and temperature corrected 
values of maximum and differential deflection are not important because 
the bituminous layer thickness estimation chart is based upon 
temperature corrected measurements and will be used in conjunction 
with temperature corrected curvature readings to estimate thicknesses 
of bituminous material. 
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6 .10 SELECTING LENGTHS OF PAVEMENT WITH A RELATIVELY CONSTANT 
THICKNESS OF BITUMINOUS MATERIAL 
The existing construction information, gathered from the coring 
programme, was used to identify relatively long lengths of pavement 
with constant thicknesses of bituminous material, Table 6.12. 
Thickness of 
SITE Chainage (m) Length (m) bituminous 
material (mm) 
Tolchmoor Gate 3275 to 4510 1235 40 
Corn wood 0 to 380 380 100 
Cadaver Bridge 6600 to 6800 200 100 
Okehampton 2450 to 2650 200 100 
Totnes 600 to 750 150 150 
Table 6.12 
The existing data was supplemented with that from additional cores 
if it was thought that the original core spacing was too great to 
assume constant thickness between them. 
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6.11 DERIVING A RELATIONSHIP BETWEEN CURVATURE AND MAXIMID1 DEFLECTION 
FOR PAVEMENTS WITH VARIOUS THICKNESSES OF BITUMINOUS t1ATERIAL 
The temperature corrected deflected shape measurements recorded on 
the lengths of road detailed in Table 6.11were used to investigate 
a relationship between curvature, defined as the differential 
deflection 200 mm from the point of maximum deflection, and maximum 
deflection for pavements with 40 and 100 mm of bituminous material, 
Figure 6.29 and 6 . 30, respectively. 
The differential deflection 200 mm from the point of maximum 
deflection was used to define curvature because the results from the 
theoretical work had indicated that changes in the magnitude of this 
offset, as a result of changes in the thickness of the bituminous 
material, were large enough to be recorded by the equipment on 
board the Deflectograph. 
6.11.1 Defining a curvature and maximum deflection relationship . 
Reference to Figures 6.29 and 6.30 will show that a basic relationship 
appears to exist between the two variables; namely that for a given 
thickness of bituminous material, the differential deflection 
increases with increase in maximum deflection . This relationship 
b~~i~ 
is iniagreement with that derived from the analysis of the theoretical 
response of the pavement model. 
There is a great deal of variation in the magnitude of the deflected 
shape measurements and it is difficult to identify the exact reasons 
for this, because unlike the theoretical work, it was not possible 
to define a characteristic response for a pavement with a given 
thickness of bituminous material and then investigate the effects 
on that response of variations in the moduli and thickness of the 
pavement layer and subgrade. 
However, an attempt was made to minimise the influence of very weak 
pavement and subgrade layers on the curvature and maximum deflection 
relationship by only considering curvature readings recorded on 
pavements showing no sign of visual distress at the surface, i . e. 
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pavements in a SOUND condition. Rutting and cracking of the pavement's 
surface are generally good indicators of weakness in the pavement 
layers or subgrade. 
Having kept the influence of large changes in the moduli and thickness 
on the relationship to a minimum it is fair to assume that the wide 
range of readings could be due either to smaller changes in the 
pavement layer moduli and thickness, or more probably to changes in 
the strength of the subgrade. 
This assessment is borne out by the theoretical relationships, 
Figure 6.16 , which indicates that the subgrade stiffness can have a 
much greater effect on the magnitude of the maximum deflection than 
on the magnitude of the differential deflection, a characteristic 
opposite to the effect that the pavement layer moduli and thicknesses 
can have on the relationship. 
6.11.2 Analysis Techniques 
Having decided that the range of readings reflects the effect of 
the subgrade strength on the relationship between curvature and 
maximum deflection, a least squares regression analysis was carried 
out to identify the 'best fit' line to define the relationship. 
This analysis was performed assuming initially that the maximum 
deflection and subsequently that the differential deflection was 
the independent variable. 
The 'best fit' relations determined from this analysis only differed 
by a small amount and the average of the two relations has been 
adopted in each case and shown in Figures 6.29 and 6.30. 
The 'best fit' lines, shown in Figures 6.29 and 6.30 have been 
reproduced onto the same diagram, Figure 6.31, to allow an appreciation 
to be made of their relative positions. 
The two constants in the equation defining the 'best fit' lines are 
the intercept with the 'y' (differ·ential deflection) axis and the slope . 
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The intercepts for the two 'best fit' lines are dissimilar, 9.52 for 
the line through the data recorded on pavements with 40 mm of 
bituminous material and 5.51 for the line through the data recorded 
on pavements with 100 mm of bituminous material. 
The slopes for the two 'best fit' lines are about the same, 0.258 for 
the line through the data recorded on pavements with 40 mm of 
bituminous material and 0.27 for the line through the data recorded on 
pavements with 100 mm of bituminous material. 
Reference to Figures 6.29 and 6.30 indicates that the two samples of 
data overlap and there is therefore a need to show that, although the 
slopes of the two lines are similar, they define the best straight 
lines for samples of data that are significantly different, i.e. they 
are not drawn from the same population. 
This can be investigated by applying the Student's t test to the null 
hypothesis that the two samples being compared are drawn from the same 
population. 
If the samples belong to the same population then the sample means 
(being means of random samples) are normally distributed about the 
population mean, even if the distribution within the samples is not 
normal. 
The combined (population) variance Sc 2 is estimated by pooling the 
sums of the squares of the residuals (x-x) of both samples and dividing 
by the total number of degrees of freedom. 
+ (I1z -1 ) 
The standard deviation of the difference of the means is thus 
+ 
185 
The significance of the difference is measured by the ratio of the 
difference to its standard deviation, and is denoted by t, so that 
For the two samples of data presented in Figures 6.29 and 6.30 
Sc2 = 18096 + 107529.76 = 1013.11 
59 + 65 
= 1013.11 + 
60 
1013.11 
66 
t = 122.4 - 73.1 
5.68 
= 5.68 
= 8.68 
The number of degrees of freedom= (n1 -1) + (~-1) 124. 
Reference to the standard statistical table for the t test indicates 
that the calculated t is greater than the tabulated value at the 1 per 
cent level of significance. The null hypothesis is rejected and it is 
concluded that the difference is significant, i.e. the two samples are 
not drawn from the same population. This is important because it 
suggests that there is a basic difference in the curvature and maximum 
deflection relationships for pavements with 40 mm and 100 mm of 
bituminous material. 
N.B. A least squares regression analysis was also carried out on the 
deflected shape measurements recorded on a 150 m section of the road 
at Totnes. This section of road was the only available length with 
a bituminous layer thickness of 150 mm and, as a result, the total 
number of deflected shape readings was small compared to the number 
available for pavements with 40 and 100 mm of bituminous material. 
The relationship suggested by the least squares regression analysis 
differed from those predicted for pavements with 40 and 100 mm of 
bituminous material due possibly to the influence of outliers on the 
small sample of measurements. 
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6.11.3 Correlation Coefficient 
A test of goodness of fit was carried out on both sets of data and in 
each case the correlation coefficient was calculated as +0.6. 
The correlation coefficient (r) must lie between +1 and -1. For 
r = +1, all the observed points lie on a straight line which has a 
positive slope; for r = -1, all the observed points lie on a straight 
line that has a negative slope. 
It is possible to perform a significance test to see if the observed 
correlation coefficient is significantly different from zero. 
If there is no correlation between the variables it is still possible 
that a spuriously high sample correlation value may occur by chance. 
A two tailed test is appropriate for a positive or negative 
correlation. 
The correlation coefficient is significantly different from zero at 
the a level of significance if 
r / (n-2) > t aj 2 ,n-2 
liO-r2 ) 
For pavements with 40 mm of bituminous material, r 0.6 and n = 60. 
Therefore we have 0.6 / (60-2) = 5.7 
I U -o. 6 2 ) 
For pavements with 100 mm of bituminous material r = 0.6 and n = 66 . 
Therefore we have 0.6 /(66-2) 
lo-o .6 2 ) 
6.0 
In both cases t 0 • 025 , 6~ = 2.00. Thus the correlation between 
curvature and maximum deflection is signficant at the 5% level, i.e. 
there i s, in both cases, a high degree of correlation between the 
two variables. 
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6.12 COMPARISON OF THE PREDICTED AND EXPERIMENTAL CURVATURE AND 
MAXIMill-1 DEFLECTION RELATIONSHIPS FOR PAVEMENTS WITH VARIOUS 
THICKNESSES OF BITUMINOUS MATERIAL 
Analysis of the in situ deflected shape measurements using a linear 
regression technique has resulted in the construction of a chart showing 
the relationship between curvature and maximum deflection for pavements 
with 40 and 100 mm of bituminous material, Figure 6.31 . This chart 
could be used , together with temperature corrected deflected shape 
measurements, to give an estimate of bituminous layer thickness . 
6 .1 2.1 Comparing the predicted and experimental relationships 
The experimental relationships derived, Figure 6 .31, are similar 
to those derived theoretically, Figure 6.16, but their numerical 
values differ from those predicted; for a given value of maximum 
deflection the corresponding differential deflection is greater 
than that suggested by the theoretical predictions . 
6 . 12 . 1 . 1 Signficance ~est for slope 
To determine whether there is a significant difference between the 
theoretical slope bo and that given by the regression line b a t test 
was applied to lb-bol. 
The standard deviation of lb-bo l is equal to the standard deviation of 
b, 5b, because the theoretical value of b is free from error. 
Thus, t 
( i) For a pavement with 40 mm of bituminous material, b 0 . 258 , 
b o = 0.125 and Sb = 0.045. 
Therefore, t = 0.258 - 0 .1 25 2.96 
0 . 045 
The number of degrees of freedom = 60 and reference to the appropriate 
statistical table indicates that the calculated value is greater than 
the tabulated value at the 1 per cent level of significance, i.e . there 
is a significant difference between band b 0 • 
188 
(ii) For a pavement with 100 mm of bituminous material, b = 0.27, 
b 0 = 0.121 and Sb = 0.034. 
Therefore, t = 0.27 - 0.121 
0.034 
= 4.38 
The number of degrees of freedom = 64 and reference to the appropriate 
statistical table indicates that the calculated value is greater than 
the tabulated value at the 0.1 per cent level of significance, i.e. 
there is a significant difference between band b 0 • 
6.1 2. 1.2 Significance test for intercept 
A similar test to that applied to the slopes was applied to the 
intercepts. 
In this case t where a is the intercept given by the 
regression line, a 0 is the theoretical intercept and Sa is the variance 
of the intercept a. 
(i) For a pavement with 40 mm of bituminous material 
a = 9.52, a 0 = 4.6, Sa = 3.356. 
Therefore, t = 9.52 - 4.6 
3.356 
= 1.47 
(ii) For a pavement with 100 mm of bituminous material 
a = 5.51, a 0 = 2.6, Sa = 4.38. 
Therefore, t 5.51 - 2.6 
4. 38 
0.662 
In both cases the calculated t i s less than the tabulated value at 
the 10 per cent level of significance, i.e. there is no significant 
difference between a and a 0 • 
1C<J 
These tests have indicated that in both cases the slopes of the lines 
are significantly different but there is no significant difference 
between the intercepts. 
This could be i nterpreted as suggesting that the theoretical model was 
more capable of defining the response of the stiffer pavements, 
characterised by small maximum and differential deflections, than the 
response of weaker pavement structures. 
6 .12 . 1 . 3 Basic Differences between Pavement Structures 
Although the difference between the theoretical and empirical 
relationships may be due to such factors as the temperature correction 
procedure and material variability (thickness and/or stiffness) in the 
constituent pavement layers, a large influence on the results would 
almost certainly have come from the structural differences between the 
pavements analysed theoretically and those investigated practically. 
There were two basic differences between the structures. The first 
was t he thickness of granular material below the bituminous layer; 
the pavement structure modelled theoretically had a 300 mm granular 
roadbase on top of a 150 mm granular sub- base, whereas the pavement 
structures surveyed with a Deflectograph had granular layers whose 
thickness varied about a mean value of 100 mm . 
A difference in thickness of 350 mm would affect the response of 
virtually any pavement structure and could almost certainly account 
for the differences between the predicted and experimental curvature 
and maximum deflection relationships. 
The second difference was in the assumed modulus of the subgrade. 
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• 
The structure modelled theoretically was assumed to have a subgrade 
modulus equivalent to a CBR of 15; the actual structure was built 
as part of the small road system at TRRL on a subgrade that was known 
to be particularly strong. 
Subgrade evaluation work undertaken as part of an associated project 
indicated a CBR range of 4 to 7 for the sites at Cornwood, Tolchmoor 
Gate, Cadover Bridge and Okehampton . 
6.12.2 Adjusting the structure of the theoretical model to more 
closely resemble that of the pavements surveyed with the Deflectograph 
In an attempt to bring the predicted relationships more in line with 
those determined from the actual deflected shape measurements, the 
overall thickness of the granular layers of the theoretical model 
was reduced from 450 mm to 100 mm for pavements with 40 and 100 mm 
of bituminous material and the modulus of the subgrade was reduced 
from 1. 5 x 10 8 N/m2 to 5 X 10 7 N/m2 • The effect of these reductions 
was to increase the maximum deflection by a factor of 2.8 and the 
differential deflection by a factor of 3.0 for a pavement with 40 
of bituminous material and to increase the maximum deflection by 
a factor of 2.4 and the differential deflection by a factor of 2 . 6 
for a pavement with 100 mm of bituminous material. 
6 .12 . 2.1 Comparing the predicted relationships with the 
experimental relationships 
mm 
The predicted response measurements have been superimposed on a chart 
showing the curvature and maximum deflection relationships derived 
from deflected shape measurements recorded on actual pavement 
structures, Figure 6.32. Reference to Figure 6.32 will show that 
the considerable increase in both the maximum and differential 
deflections, as a result of the decrease in the thickness of the 
granular layer and modulus of the subgrade, has brought the 
theoretical relationships closer to the experimental relationships. 
However, the theoretical response is still less than the actual 
response, a fact that would result in an underestimate of bituminous 
layer thickness if the theoretical relationships were used in conjunction 
with the temperature correct ed curvature measurements . 
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6.12.2.2 Comparing the predicted relationships for pavements with 
100 mm granular layer with those for pavements with 450 mm granular 
layer 
The predicted response of pavements with 100 mm of granular material 
has been superimposed on the chart showing the predicted response 
of pavements with 450 mm of granular material, Figure 6 .33. 
The effect of a decrease in both thickness of the granular layer and 
modulus of the subgrade was very much as expected; the overall 
strength of the pavement has decreased as indicated by the increased 
values of maximum and differential deflection. 
A decrease in both the thickness of the granular layer and the modulus 
of the subgrade has had a considerably greater effect on the response 
of a pavement with only 40 mm of bituminous material. The reason for 
this is thatpavementswith thin layers of bituminous material derive 
a large proportion of their overall strength from the stiffness of the 
granular material and the response of a thinner pavement is influenced 
more by the strength of the subgrade, whereas pavements with thicker 
layers of bituminous material derive a large proportion of their 
overall strength from the stiffness of the bituminous material. 
The movement of the points defining the relationship between curvature 
and maximum deflection, corresponding to decreases in both the thick-
ness of the granular layer and modulus of the subgrade, has shown the 
need to accurately define the absolute characteristic response for 
the pavement structure on which the curvature measurements are to be 
made. This characteristic response could be modelled theoretically 
and the assumed structure altered to show the effect of changes in 
the properties and thickness of the constituent layers on the relation-
ship between curvature and maximum deflection. This relationship would 
then form the basis of a bituminous layer thickness estimation chart 
appropriate to the structure to be surveyed by a Def l ectograph. 
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7 ASSESSING THE ACCURACY OF PREDICTION POSSIBLE WITH THE EMPIRICAL 
RELATIONSHIP BE~iE~~ CURVATURE AND MAXIMUM DEFLECTION 
An assessment was made of the accuracy of prediction possible with the 
empirical bituminous layer thickness estimation chart by comparing 
the estimates of the thickness with those deduced from destructive 
and non-destructive techniques. 
The non-destructive surface wave propagation equipment has been 
operated at a single frequency to determine the changes in thickness 
of the bituminous material. 
The advantage of the single frequency technique is that it can give 
a continuous estimate of the thickness of the bituminous material 
and so reduce the degree of uncertainty associated with the estimation 
of bituminous layer thickness from cores spaced at predetermined 
intervals along a road. A disadvantage is the effect that temperature 
can have on the estimates of the thickness of bituminous material. 
Good agreement has been shown to exist between the estimates of 
thickness suggested by the single frequency technique and the actual 
thicknesses indicated by the cores . 
It was possible using the continuous estimate of thickness to 
subdivide the section of road into two lengths with different 
nominal thicknesses of bituminous material. This provided an ideal 
opportunity to assess the accuracy of prediction possible with the 
empirical bituminous layer thickness estimation chart . 
Temperature corrected deflected shape measurements were used in 
conjunction with the empirical relationships between curvature and 
maximum deflection to estimate the thickness of bituminous material. 
In general, the estimates of thickness were quite good although some 
could possibly have been influenced by the effects of changes in 
the strength of the lower pavement layers. 
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7 .1 USE OF A NON-DESTRUCTIVE TECHNIQUE TO ESTIMATE CHANGES IN THE 
THICKNESS OF A BITUMINOUS LAYER OF A FLEXIBLE PAVEMENT AND VERIFICATION 
OF THESE CHANGES BY COMPARING THEM WITH THE ACTUAL THICKNESS OF 
EXTRACTED CORES 
The surface wave propagation method is a non-destructive technique 
which will often provide information about the dynamic modulus and 
thickness of each layer of a road. The experimental technique and 
theoretical background of the method have been given elsewhere;(sg ,GQ) 
details are presented of the use of the technique at a single 
frequency to identify changes in the thickness of the bituminous 
layer of a flexible pavement and the verification of these changes 
by comparing them with the actual thicknesses of extracted cores. 
7 .1.1 Theoretical Basis 
The wave propagation test consists of generating continuous vibrations 
at the surface of the construction under test and measuring the wave 
length and phase velocity of the waves which travel along the surface 
of the construction. A graph of phase velocity against wavelength 
(dispersion curve) is derived from the measurements, Figure 7.1, 
Phase 
Velocity 
(m/ s) 
Figure 1.1 
and the shape of the curve 
joining the points on the 
graph is characteristic of 
the structure under test. 
Fair 'free plate' 
WaveLeng th (m) 
The Disper s i on Cur ve 
A method of analysing such experimenta l data has bee n presented by 
Jonei
59 )who has shown that the theory given by Lamb~ 6 11or the 
propagation of waves along a plate, yie lds an adequate solution for 
the relation between velocity and wavele ngth. 
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Lamb showed that the vibrations propagated along a plate could be of 
two kinds : symmetrical vibrations, often called longitudinal 
vibrations, and asymmetrical vibrations, often called flexural 
vibrations. Both types of vibration have displacements perpendicular 
to the surface of the plate, and also parallel to the surface in the 
direction of propagation. The maximum displacement of the flexural 
vibration is perpendicular to the surface and that for the longitudinal 
vibration is in the direction of propagation. Both types of vibration 
propagate with a velocity which changes with frequency (or wavelength) 
and the corresponding relations depend upon the thickness and elastic 
properties of the plate. 
Typical experimental results are shown in Fig. 7 .1 and it will be seen 
that the velocity approaches an upper limit as the wavelength 
approaches zero. This upper limit is referred to as the velocity of 
Rayleigh surface waves and is denoted by the symbol Y. 
The Rayleigh wave velocity y is related to the modulus of elasticity 
(E) and density (p) of the material by the relation 
where k has a value which is dependent upon the Poisson's ratio of 
the material. 
The theoretical relation between the velocity (c) of the surface 
(61) 
waves and the wavelength ( A), in Lamb's analysis, can be conveniently 
C 1 expressed as a relation between the non-dimensional parameters ' Y 
and AJH, where H is the thickness of the layer. 
Table 7.1 shows computed values of A/H for several values of C/y for 
different Poisson ' s ratios. 
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c/ 
f A/H 
A/ H 
(v = 0.25) (v = 0.33) 
1.0 0 0 
0.8 2.226 2.328 
0.7 3 .070 3.216 
0.6 4.080 4.274 
0.5 5.382 5.637 
0.4 7.212 7.550 
0.3 10.111 10.580 
0.2 15.691 16.413 
Table 7 .1 Comouted values of \H for several values of c fy 
The computations given in Table 7.1 provide the basis for estimating 
layer thickness from experimental surface wave data and an example 
of their use now follows: 
Consider the experimental data given in Figure 7.2. 
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Figure 7.2 Experimenta l Re sults 
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(1) ( 2) ( 3) 
c/ A/.. c )... H y H (m/ s) (m) (m) 
0.8 2 .328 1120 0.4 0.172 
0.7 3.216 980 0.55 0.171 
0 . 6 4.274 840 0. 72 0 .168 
0.5 5.637 700 0.97 0.172 
Average Thickness 0 .171 
Table 7. 2 
The extrapolated value of the Rayleigh's wave velocity for the data 
given in Figure 7.2 is 1400 m/s. For the curve drawn in Figure 7.2 
the values of cat c/Y= 0.8, 0.7, 0.6 and 0.5 are tabulated in column 
(1) for the extapolated value of y equal to 1400 m/s. The values of )... 
at each velocity are read off the curve in Fig. 7.2 and are tabulated 
in column (2). The theoretical values of Y;H (where His the thickness 
of the layer for Poisson's ratio of 0.33 have been taken from Table 7.1 
and are tabulated for each c /y in Table 7.2. The estimated thickness 
of the layer is obtained by dividing the wavelength (column 2) by the 
ratio ( ,YH) • The average of the four estimated thickness values is 
taken as being representative of the true thickness of the layer. 
An alternative method of analysing the experimental data is to use a 
perspex curve to determine the value of the Rayleigh wave velocity 
and the thickness of the layer. 
The shape of the perspex curve (Figure 7.3) is derived from the 
relationships given in Table 7.1 and a separate curve exists for each 
Poisson's ratio . 
Superimposed on each perspex curve is a scale showing values of 
equivalent layer thickness , the positions of which are again derived 
from the relationships in Table 7.1. 
The perspex curve is used to define the best 'fair curve' through the 
experimental data and the point of intersection between it and the 
Phase Velocity Axis (Fig. 7.2) is the appropriate value of the Rayleigh 
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velocity. The thickness of the layer is defined by the position of 
the Phase Velocity Axis on the superimposed thickness scale. 
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Figure 7.3 Perspex Curve used to determine the Rayleigh Wave Velocity 
and thickness of the layer. 
7.1.2 Use of the Surface Wave Propagation Method at a Single 
Frequency 
A criticism of the wave propagation method is that it is time 
consuming, often taking several hours of testing to determine the 
material properties and thicknesses which are only appropriate to 
the pavement structure directly under the vibrator. The time 
element associated with the complete technique has made its use as a 
method for monitoring material strength or thickness at short 
intervals over long lengths of pavement extremely unattr active . 
(62) 
Jones and Mayhew have described a method of usi ng the equipment at 
a single f r equency to study the variability of cemented material over 
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relatively long lengths of construction rather than separate estimates 
of thickness and elastic properties over short test lengths . 
They have reported achieving a continuous and fairly rapid survey of 
up to 100 m/hr of construction using the surface wave method at a 
single frequency. 
Selection of an appropriate frequency is important to ensure that the 
waves propagated in the upper bound layer of the pavement are at 
a velocity greater than that of the compressional waves in the under-
lying layer . 
As a guide to meeting this requirement it was suggested(6 2) that the 
test frequency should have a wavelength of between two and six times 
the thickness of the bound layer. 
Having calculated the wavelength in this manner the value was then 
used in conjunction with a dispersion curve , built up from measurements 
along a test length at several frequencies , to determine the test 
frequency . This technique was successfully applied by Jones and 
(62) 
Mayhew to detect areas of weakness along a length of cemented base 
material. 
Operation of the wave propagation equipment in this way results in 
the use of wavelength and phase velocity as a continuous measure 
of the quality of the material in question. Factors which influence 
this measure of quality are the layer thickness and the strength 
(density and elastic characteristics) . 
Use of the single frequency technique to identify changes in thickness 
or strength is only possible if it can be assumed that the parameter 
not being investigated remains relatively constant . 
Application of the single frequency technique to bituminous materials 
is hampered by the variation of their elastic properties with 
frequency and temperature. Jones(59~tates that the effect of visco-
elasticity is to cause the phase velocity to change with frequency 
resulting in the experimental dispersion curve deviating below the 
theoretical curve. However, Jones continues to state that most of 
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the change occurs within the lower frequency range and the changes 
become much smaller over the part of the frequency range for which 
the results fall near to the curve for the propagation of free 
v ibrations in a plate . This part of the frequency range is that 
utilised by the single frequency technique and it was therefore 
thought that the effect of frequency on the phase velocity would 
not be a major problem. 
The influence of temperature on the visco-elastic properties of 
the bituminous material was identified as a problem and an ideal way 
of overcoming it would have been to conduct the survey at a constant 
temperature. This was thought to be too restrictive to be practical 
and it was decided to conduct the survey and record any change in 
temperature to allow a correction procedure to be developed. 
7.1.3 Application of the Single Frequency Technique to Determine 
Changes in the Thickness of the Bituminous Layer of a Flexible Pavement 
The wave propagation equipment has been used in this project to 
determine changes in the thickness of the bituminous layer over a 
length of flexible pavement using the single frequency technique. 
The length chosen was a section of the unclassified road at Cornwood, 
which was not designed, but built up from a series of strengthening 
measures. Data determined from the coring programme indicated 
a probable change of bituminous layer thickness over this length. 
7.1.3.1 Defining two points of different bituminous layer thickness 
It was first necessary to define two points along this section having 
different bituminous layer thicknesses. This was achieved using the 
surface wave propagation equipment at various locations and then 
fitting the theoretical 'free plate' curve appropriate to a Poisson's 
ratio of 0.33 to the experimental data, to obtain the dispersion 
curves . 
Analysis of the dispersion curve for location A, (Figure 7 . 4 ) , gave 
an equivalent bituminous layer thickness of 134 mm and a Rayleigh wave 
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velocity of 1480 m/s,from measurements recorded at 11°C . 
Analysis of the dispersion curve for location B (Figure / .5) gave an 
equivalent bituminous layer thickness of 112 mm and a Rayleigh wave 
velocity of 1420 m/ s, from measurements recorded at 15°C. 
To Tolchmoor To 
Gate 88.5 m Cornwood 
+ + 
Location B Location A 
( Ch . 14 61. 5 ) (Ch .1373) 
The chainages shown are those used to define the overall test section 
of this unclassified road. 
Cores were removed from locations A and B revealing actual bituminous 
layer thicknesses of 160 mm and 120 mm respectively . 
The thickness of bituminous material measured from the cores was 
greater in both instances than that suggested from the analysis of 
the dispersion curves. 
The wave propagation equipment demonstrated a capability of prediction 
of thickness with an accuracy which was consistent with the technique 
used and the variable properties of the material under investigation. 
7.1.3.2 Operation of the equipment at a single frequency 
The wave propagation equipment was operated between locations A and B 
at a single frequency of 1500 Hz. The selection of this frequency was 
based upon the suggestion previously stated that the test frequency 
should have a wavelength of between two and six times the thickness 
of the bituminous layer. 
The survey was conducted in the nearside wheelpath and measurements of 
phase change were made at 100 mm intervals . The phase change 
measurements were plotted against distance increment (Figure 7.6) by 
the operator and the wavelength was determined by drawing a straight 
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2 . 0 
line through the points and calculating the inverse slope, i . e . 
wavelength = 
Phase 
Change 
Distance 
Phase Change 
Figure 7 .6 Phase Change and Distance Graph 
Distance (m) 
7 . 1.3 . 3 Analysis of the Wavelength and Phase Velocity Data 
The phase change and distance increments for the total length surveyed 
were plotted a s a continuous trace , shown diagrammati cally in Figure '/ . 7. 
Phase 
Change 
Distan ce (m) 
Fi gure 7 . 7 Typ i cal Experime n t a l Phase Change a nd Distance Plot 
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The overall shape of the trace was not of constant slope, which wuuld 
indicate similar thickness over the length, but was composed of 
several different slopes, indicating a variation in thickness. 
The wavelength (A) associated with each major slope change was 
0 0 Distance 
calculated as the ~nverse slope, ~.e. 
Phase Change 
The phase velocity (c) was then calculated using the formula c = f.A 
where f was the frequency equal in all cases to 1500 Hz and A was 
the calculated wavelength. 
Table 7.3 shows the wavelength and phase velocity associated with 
each major slope change. 
7.1.3.4 Equivalent Depth 
Figure 7 . 8 indicates the way in which the theoretical curve, 
originally fitted to the experimental data in Figure 7~, was used in 
conjunction with the calculated wavelengths and phase velocities t o 
determine the equivalent depths of bituminous material. 
Three positions of the theoretical curve are shown in Figure 7.8 . 
Position 1 was obtained by fitting the theoretical curve to the 
experimental data (Figure 7.6} to identify the Rayleigh Wave Velocity, 
the intercept of the curve and the phase velocity axis, and the 
thickness of the bituminous layer at location~. 
Position 2 shows the theoretical curve moved to the right of the 
original curve position and passing through two points. The first 
point is identified by a phase velocity equal to 991 m/ s and a 
wavelength of 0.66 m and the second point is the Rayleigh Wave 
Velocity established initially. Moving the curve in this way 
establishes an equivalent thickness of bituminous mate rial of 200 mm 
suggested by a phase velocity of 991 m/ s. 
Position 3 shows the theoretical curve moved to the left of the 
original curve position and passing through the Rayleigh Wave 
207 
3000 
2500 
2000 
1800 
1600 
1420 
d=162mm 14 0 
1200 
1000 
900 
800 
700 
(/) 600 
' E 
>, 
~ 
.,.., 500 (.) 
0 
(!) 450 > 
(!) 
., 
~. 
Cll 400 
.s:: 
0.. 
350 
300 
0 . 05 0 . 1 0 . 2 
Position Position 
3 1 
0.3 O. LI 0 . 5 
Wavelength (m) 
(original 
curve pos~tion) 
: . 0 2 . 0 
Figure 7 . 8 Use of the heoretical c urve o de termine laye r thickness . 
208 
Velocity and a point identified by a phase velocity of 649 m/ s and 
a wavelength of 0.433 m. The position of this curve indicates an 
equivalent bituminous layer thickness of 66 mm for a phase velocity 
of 649 m/ s. 
The use of a single dispersion curve to determine equivalent layer 
thicknesses from the calculated phase velocities and wavelengths is 
only possible if the material under investigation is not significantly 
affected by temperature; if this is the case any change in wavelength 
and phase velocity could be attributed to a change in the thickness 
of the material . 
However , this is not the case for bituminous materials because they 
are temperature susceptible and the effect of temperature on the 
material properties will influence the phase change measurements . 
The effect of temperature on the phase change measurements has been 
(63) 
reported by Page and Mayhew who have shown that an increase in 
temperature will result in a decrease in the calculated Rayleigh 
wave velocity. 
This effect of temperature on the value of the Rayleigh wave velocity 
is important because the previously described method of estimating 
equivalent bituminous layer thickness is dependent upon the assumed 
value of the Rayleigh wave velocity . 
A method of taking the effect of temperature into account would be 
to construct a number of dispersion curves based upon a series of 
phase change measurements taken at different temperatures and 
calculate the Rayleigh wave velocity appropriate in ea ch case. 
Use could then be made o f the dispersion curve relevant to the 
temperature at which subsequent phase change measurements were made 
to de t e rmine the equi valent bituminous layer thickness . 
Unfort unately there was insufficient time to determine the Rayl e igh 
wave ve locities associated with a range of t emperatures and only t wo 
values have been calculated : -
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A Rayleigh wave velocity of 1480 m/ s was calculated for the phase 
change measurements recorded at 11°C at Location A on a structure 
with a 160 mm thick bituminous layer. 
A Rayleigh wave velocity of 1420 m/ s was calculated from the phase 
change measurements recorded at 15°C at Location B, on a structure 
with 120 mm of bituminous material. 
In an attempt to keep the temperature effect on the measurements to a 
minimum, Figure 7.4 was used to determine the equivalent bituminous 
layer thicknesses from wave lengths and phase velocities based upon 
phase change measurements recorded at 11°C and 12°C. 
For the same reason Figure 7.5 was used to determine equivalent 
bituminous layer thicknesses from the wavelengths and phase velocities 
based upon phase change measurements recorded at 14°C and 20°C. 
These equivalent bicuminous layer thicknesses are given in Table 7.3 
together with the associated wavelengths and phase velocities. 
7 .1.3. 5 Actual depth of bituminous material 
Cores were extracted from within each of the lengths of road shown 
in Table 7 .3 to determine the actual thickness of bituminous material 
present. 
Both the actual and equivalent thicknesses applicable to those 
locations are shown in Table 7 . 4. 
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CHAIN AGE PHASE EQUIVALENT TEMPERATURE WAVELENGTH VELOCITY DEPTH START FINISH oc m m/s mm 
1372.5 1374.0 11 °C 0.591 886 147 
1387.1 1388.6 12°C 0.588 882 145 
1400.5 1402.8 12°C 0.587 880 144 
1409.6 1411.7 14°C 0.660 991 200 
1438.7 1440.6 14°C 0.523 785 108 
1461.2 1462.8 20°C 0.541 811 128 
1475.0 1476.7 20°C 0.433 649 72 
Table 7.3 Wavelength, Phase Velocity and Equivalent Depth. 
% DIFFERENCE CHAIN AGE EQUIVALENT CORE OF ACTUAL 
m DEPTH (mm) DEPTH (mm) DEPTH 
1373.0 147 160 - 8 
1387.6 145 165 -12 
1401.0 144 157 - 8 
1410.0 200 170 +18 
1439.0· 108 100 + 8 
1461.5 128 120 + 8 
1475.8 72 90 -20 
Table 7.4 Comparison of Equivalent and Core Depth. 
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7.1 . 4 Conclusions 
The following concl usions can be drawn from this work:-
(1) The wave propagation equipment can be used at a single 
frequency to determine changes in the thickness of the 
bituminous layer. The greatest restriction in its use was 
the effect that temperature can have on the properties 
of the bituminous material and hence estimate of thi ck-
ness. Operating the equipment at a constant temperature 
would be too restrictive and a better approach might be 
to derive a series of wavelengths and phase velocity 
relationships for a range of pavement temperatures . 
The effect of temperature on the estimate of thickness 
could be kept to a minimum by selecting the chart 
appropriate to the pavement temperature at the time the 
measurements were recorded . 
(2) The estimates of thickness suggested by this technique 
were in general within ± 10% of the thicknesses 
indicated by the cores . There were , however, two 
estimates near er to ± 20% of the actual and these need 
further comment. 
The fact that the greatest underestimate was associated with the 
thinnest bituminous layer is possibly a coincidence. What is 
important is that these phase change measurements were recorded 
at the highest pavement temperature (20°). 
(64) 
Metcalf nas reported that lower phase velocities at high 
temperatures can result in an underestimate of the thickne ss and this 
may well be the case, because the dispersion curve appropriate to a 
pavement temperature of 15°C was used in the estimate of thickness . 
It is more difficult to propose an explanation for the 18% over-
estimate of the thickest layer of bituminous material, because use 
of the dispersion curve appropriate to a pavement temperature of 
15°C to estimate the thickness from measurement made at 14°C would 
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suggest that the effect of temperature, in this case, was minimal. 
A possible answer leads on to a discussion of the other assumption 
made in this work; that of constant density. It is assumed that any 
variation in the phase velocity is due to changes in the thickness of 
the pavement layer in question. However, changes in the properties 
of the material and especially in the density could result in an over-
or under-estimate of layer thickness. 
Change in material properties may well have been the cause of the 18% 
overestimate of the thickness of the deepest bituminous layer and may 
also have cont.ributed to the 20% underestimate of the thinnest 
bituminous layer . 
It could also be argued that the likelihood of changes in the 
properties of the material is increased on this unclassified road, 
because of the fact that it was not designed but built up from a 
series of strengthening measures. 
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7. 2 USING TENPERATURE CORRECTED DEFLECTED SHAPE NEASUREMENTS AND THE 
EMPIRICAL CURVATURE AND MAXIMUM DEFLECTION RELATIONSHIPS TO ESTIMATE 
THE THICKNESS OF BITUMINOUS MATERIAL 
It was possible from the wave propagation work to subdivide the 100 m 
section of road into two lengths on the basis of the thickness of the 
bituminous layer; the thickness of the bituminous layer from eh . 1371 
to eh. 1435 . 5 was about 165 mm and from eh. 1435.5 to eh. 1482.8 the 
thickness was about 100 mm. 
The accuracy of prediction of the empirical curvature and maximum 
deflection relationships was then assessed by using these relationships 
in conjunction with deflected shape measurements recorded between 
eh . 1371 and 1428.8 to indicate the thickness of the bituminous layer. 
The empirical curvature and maximum deflection relationshi ps were used 
because they were derived from deflected shape measurements recorded 
on pavement structures similar to that now being investigated. 
7.2.1 Temperature correcting the curvature measurements 
Both the recorded and temperature corrected deflection values making 
up the curvature measurements are shown in Table 7.5 . Also shown in 
Table 7.5 are the chainages defining the points of measurement and 
the thicknesses of b i tuminous material present . 
In all cases the temperature corrected deflections are greater than 
those recorded , due to the correction procedure of 
(i) converting the Deflectograph readings to equivalent 
Deflection Beam values; 
(ii) converting the Deflection Beam readings to equivalent 
values at 20°C. 
The readings in Table 7.5 marked with an asterisk need further 
comment because they are untypical; in each case the magnitude of 
the differential deflection 200 mm from the point of maximum 
deflection is equal to the magnitude of the maximum deflection. 
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Interpreting this situation literally suggests a short, ~~~p 
deflection dish. 
This type of deflected shape is normally associated with either 
weakened pavements or pavements with a thin overall construction 
thickness . 
Two of these anomalous deflected shape measurements corresponded to 
the position where cores were extracted. Subsequent examination of 
the cores revealed a substantial thickness of bituminous material 
that did not appear weakened in any way. 
If these deflected shapes are not as a result of either weakened 
material or thin construction, then it can only be assumed that at 
times there appears to be a problem associated with recording 
ordinate deflections when the maximum deflection is small. 
This conclusion is reinforced by the fact that the problem is not 
confined solely to pavements with relatively thick layers of 
bituminous material. The deflected shape measurement at eh. 1457 m 
also shows a similar pattern for a low maximum deflection on a 
pavement with 100 mm of bituminous material. 
The presence of a thicker layer of bituminous material between 
eh. 1371 and eh. 1435.5 m would seem to be confirmed by the magnitude 
of the deflection readings in Table 7 .5. 
Both the average maximum deflection and curvature values for this 
length are less than those for the section with 100 mm of bituminous 
material. 
7 . 2 . 2 Estimating the thickness of bituminous material 
The corrected curvature (differential deflection) and maximum deflection 
readings, originally recorded on pavements with 100 and 165 mm of 
bituminous material, are shown plotted on the empirical bituminous 
layer thickness estimation chart in Figures 7 . 9 and 7 .1 0 respectively. 
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The number of deflected shape measurements shown in Figures 7. 9 and 7.1 0 
is small. The reason for this is that the thickness of the bituminous 
material was only determined, using the wave propagation equipment, 
for relatively short lengths which meant that the number of deflected 
shape measurements recorded by the Deflectograph over these lengths 
would also be small. 
The anomalous readings referred to previously are not shown in Figures 
7.9 and 7.10. 
The results obtained fromFigures 7.9 and 7.1 0 are not conclusive butdoat 
least indicate a probable change in the thickness of the bituminous 
material between the two sections. 
Reference to Figure 7.9 shows that five out of the eight readings lie 
around the line defining the relationship for pavements with 100 mm 
of bituminous material and would therefore suggest a thickness of 
about 100 mm. 
This is in agreement with the thickness indicated by the cores for this 
section of road. 
Two readings lie around the line defining the relationship for 40 mm 
of bituminous material and one lies above it. These three readings 
would suggest a bituminous layer thickness of 40 mm or less; a 
thickness substantially below that indicated by the cores for this 
section of road. 
Although the bituminous layer thickness estimation charts can account 
for the effect of the strength of the subgrade on the relationships, 
the effects of changes in the properties of the lower pavement layers 
can only be expressed as a change in the thickness of the bituminous 
material. 
In view of the fact that the thickness of bituminous material is 
known to be about 100 mm,it must be assumed that the 3 readings, 
indicating a thickness of 40 mm or less, repre sent sections of road 
with weaker lower layers. 
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The accuracy of prediction that was hoped for in Figure 7 .10 was less 
than that in Figure 7 .9 because the relationship between curvature 
and maximum deflection had not been defined for pavements with 165 mm 
of bituminous material. However, it was hoped that the majority of 
the deflected shape measurements would lie well below the line defining 
the relationship for pavements with 100 mm of bituminous material, 
thereby suggesting thicknesses in excess of this value . 
Reference to Figure 7 .10 will show that three out of eight readings lie 
below this line, one lies on it, one lies between the two lines and 
three lie either on or below the line defining the relationship for 
pavements with 40 mm of bituminous material. The results may at first 
appear to cover a wide range of thicknesses,but a case for suggesting 
that the thickness of the bituminous material is in excess of 100 mm 
can be argued on two points . 
Firstly, three readings lie below the line defining the relationship 
for pavements with 100 mm of bituminous material and secondly, and more 
importantly, these readings appear to lie on a line parallel to those 
shown to define the relationships for 40 mm and 100 mm of bituminous 
material. 
For the reasons given previously, the readings that indicate thinner 
layers of bituminous material may wel~ in fac~be reflecting the 
influence of the weaker lower pavement layers on the relationship 
between curvature and maximum deflection. 
It is also possible that the position of these readings in relation to 
the lines defining the relationship is due to the problems that appear 
to exist at times with the equipment, when recording the ordinate 
deflections that correspond to low maximum deflections. 
7 . 2 . 3 Conclusions 
This work has demonstrated t hat the empirical relationship between 
curvature and maximum deflection can be used together with defle cted 
shape measurements to indicate the difference in thickness of 
bituminous material for two sections of road. 
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The main problem with this investigation was undoubtedly the small 
sample of deflected shape readings available to define the response of 
each section , and the fact that this number was reduced even further by 
anomalous readings . The frequency of anomalous readings was quite high 
and further work is required on strong pavements to investigate the 
problems that appear to exist at times when recording the ordinate 
deflections that correspond to low maximum deflection readings . 
A number of the deflected shape measurements shown in both Figs. 7 . 9 &7 .10 
suggested a thickness of bituminous material less than that indicated 
by the cores . 
These deflected shape measurements either reflected the influence of 
changes in the strength of the lower layers of the pavement on the 
relationship between curvature and maximum deflection, or they 
represented incorrect readings. 
At present there is no way of identifying which is the most likely 
reason. However , it may, in the future, be possible to do this by 
using the theoretical model to quantify the effect of changes in the 
strength of the lower pavement layers on the curvature and maximum 
deflection relationships . 
The influence of changes in the lower pavement layers could be 
expressed as limits on either side of the lines, which define the 
relationship for various thickness of bituminous material, Figure 7 .11. 
Differential 
Deflection 
( 1 th mm) 
100 
40 mm 
100 mm 
The strength of the 
lower pavement layers 
is more likely to 
have a greater effect 
on the relationship 
for pavements with 
thin layers of 
bituminous material; 
(hence wider bands). 
Maximum Deflection <1iiTrth mm) (not to scale) 
Figure 7.11 The possible effect of changes in the strength of th~ 
lower pavement layers on the relationship between curvature and 
maximum deflection for pavements with 40 and 100 mm of bituminous 
material. 221 
8 SUMMARY, CONCLUSIONS AND RECOMl~ATIONS FOR FURTHER WORK 
8.1 INTRODUCTION 
The aim of this study was to investigate the use of deflected shape 
measurements , recorded with a Deflectograph, to estimate the thickness 
of bituminous material in a flexible pavement structure. This estimate 
can be used to provide a means of continuously assessing the thickness 
of bituminous material in a flexible pavement structure . In effect, 
the assessment would be made at about every4 m along the pavement. 
In the long term the development of such an estimation procedure would 
remove a major obstacle to on- bound real-time processing of deflection 
measurements obtained with a Deflectograph . 
In the short term a procedure for continuously assessing the thickness 
of bituminous material would help to eliminate a great deal of the 
uncertainty that exists at present concerning the pavement construction 
between locations where cores have been removed. 
The investigation was tackled on two fronts; a theoretical approach 
(53) 
that used a commercially available finite element programme to model 
the response of a number of pavement structures and an empirical 
approach using measurements of pavement response recorded with a 
Deflectograph . 
A summary of the more important aspects of this investigation is 
presented below . 
8 .1.1 Theoretical investigations 
A finite element numerical model has been developed that can predict 
the response under load of pavements containing granular and 
bituminous roadbases. The theoretical model has been used to develop 
relationships between curvature , defined as a differential deflection 
200 mm from the point of maximum deflection , and maximum deflection 
for pavements with various thicknesses of bituminous material. 
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The model has also been used to establish correlation factors that 
allow absolute deflected shape measurements to be converted into 
equivalent Deflectograph deflected shape measurements. 
The relationship between curvature and maximum deflection derived 
from these equivalent deflected shape measurements can be used 
together with Deflectograph measures of pavement response to give 
an estimate of the thickness of bituminous material in a flexible 
pavement structure. 
The effect of changes in the properties of the pavement layers and the 
subgrade on the estimate of bituminous layer thickness has been 
quantified using the theoretical model. 
In addition,the influence of soft spots in the granular layer and 
single cracks in the bituminous layer on the estimate of bituminous 
layer thickness has also been studied. 
8 .1. 2 Empirical investigations 
Relationships between curvature and maximum deflection have been 
developed from the analysis of in situ deflected shape measurements 
recorded on a variety of pavement structures. These deflected shape 
measurements were recorded by a Deflectograph on several lengths of 
lightly trafficked road that had relatively consistent thicknesses 
of bituminous material. These individual sections of road amounted 
to about 2.2 km. 
8 .1.3 Comparison of the theoretical and empirical relationships 
between curvature and maximum deflection 
The empirical relationships although similar to those derived 
theoretically, differed in numerical value. 
The variation between the empirical and theoretical relationships 
was thought to be due to the considerable differences between the 
structures modelled theoretically and the field surveying undertaken 
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with a Deflectograph. 
Subsequent work with an analytical mode~ that more closely resembled 
the actual pavement structures surveyed, resulted in closer agreement 
between the theoretical and the empirical curvature and maximum 
deflection relationships. 
The agreement was not exact due to the number of assumptions that 
had to be made in deriving these relationships between curvature and 
maximum deflection. 
The assumptions most likely to have influenced either the theoretical 
or the empirical curvature and maximum deflection relationships are 
considered later in this chapter . 
8 .1. 4 Validation of the empirical curvature and maximum deflection 
relationships 
An assessment of the accuracy of prediction possible with the use of 
the empirical relationship between curvature and maximum deflection 
and actual deflected measurements was undertaken by comparing the 
estimates of thickness with those suggested by destructive and non-
destructive techniques. 
Deflected shape measurements recorded with a Deflectograph along a 
section of road were temperature corrected and used together with 
the empirical curvature and maximum deflection relationships to 
estimate the thickness of bituminous material. 
In general, these estimates of bituminous layer thicknesses compared 
favourably with the actual thicknesses. 
A number of the estimates of thickness did vary considerably from the 
actual thicknesses due possibly to problems with the measuring 
equipment or the influence of changes in the properties of the lower 
pavement layers. 
The length of road on which these deflected shape measurements were 
recorded was identified using the non- destructive surface wave 
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propagation equipment at a single frequency . 
The wave propagation equipment was used in this way to detect changes 
in the thickness of the bituminous material . Comparison of the 
estimates of bituminous layer thickness suggested by this technique 
with the actual thicknesses of the extracted cores showed that 
agreement was generally within ± 10% . 
It can be concluded from these investigations that a properly defined 
relationship between curvature and maximum deflection can normally 
be used, together with deflected shape measurements recorded by a 
Deflectograph, to estimate the thickness of bituminous material in a 
flexible pavement structure. 
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8.2 FACTORS INFLUENCING THE RELATIONSHIP BETWEEN CURVATURE AND 
MAXIMUM DEFLECTION 
Several of the assumptions made during this work will have influenced 
the theoretical and the empirical relationships between curvature and 
maximum deflection and hence any estimate of bituminous layer thickness 
made using these relationships. 
8.2.1 Plane Elasticity 
The assumption that the response of the pavement to a given load 
could be considered as a plane elasticity problem influenced the 
derived relationships between curvature and maximum deflection. 
A simple two-dimensional representation was selected primarily because 
this work was a preliminary study of a relationship between curvature 
and maximum deflection and its possible use for estimating the 
thickness of bituminous material in a pavement structure. 
Representing the behaviour of the structure in this way meant that 
sufficiently accurate information, on which to base the investigation, 
could be obtained with a reasonable amount of computer time. 
It was appreciated that an axisymmetricor three-dimensional model 
would probably have provided more detailed and accurate information, 
but it was felt that this additional accuracy was not necessary for 
the initial study . 
The p lane elasticity approach considers that the forces and the 
displacements are in one plane and that all strains perpendicular 
to that plane are ignored in the calculations; i . e. it is assumed 
that the section remains in one plane at all times. 
This idealisation is not totally unrealistic . The pavement section 
could be considered to be loaded in one plane if it were located 
directly under the dual wheel assembly of the Deflectograph. 
Although the zero strain assumption in the direction perpendicular to 
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the plane is not strictly correct, it could be argued that the 
magnitude of these strains in this direction is likely to be small 
because of the direction of the applied loads and the restriction 
to movement by the material on either side of the plane section. 
8.2 . 1.1 Material behaviour 
The behaviour of the materials in the pavement structure was assumed 
to be linear elastic. 
(23 , 48 ,51) 
The general implication from previous work is that : 
(i) linear elasticity can be used to describe the behaviour 
of the materials in the pavement structure provided 
that realistic values of Young's Modulus and Poisson's 
Ratio are used. 
(ii) linear elasticity lends itself more readily to the 
characterisation of the behaviour of bituminous 
materials than to the behaviour of granular materials. 
For this study the method used to determine the moduli of the 
materials in the pavement structure was influenced by the information 
that was already known. 
Details of the absolute deflected shapes and layer thicknesses were 
available; the only unknowns were the material moduli. In view of 
this situation it was felt that the best method of determining 
appropriate moduli values was by adopting a trial and error process 
of force fitting moduli values to the required deflected shape . 
Varying the material moduli within clearly defined limits, until the 
response of the theoretical model closely resembled that of the 
actual pavement, ensured that the values adopted were as realistic 
as possible . 
The majority of the assumed moduli values were well within the 
original limits used to define the typical moduli range. 
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A notable exception to this is the modulus of the bituminous layer 
1 0 
and this requires further comment. A modulus of 1.5 x 10 N/m2 
was adopted for the bituminous layer. 
It was appreciated at the time that a modulus of this magnitude is 
generally regarded as being towards the top of the probable moduli 
range for bituminous material and usually assocated with low 
temperature conditions. 
However, it was clear from the analysis work that a modulus of this 
magnitude was necessary to accurately model the deflected shape in 
the vicinity of the maximum deflection. 
The high modulus therefore appears to be a consequence of the fact 
that the moduli of the materials in the structure were • the only -u."nknowns 
with the result that their evaluation undoubtedly reflected the 
behavioural assumptions inherent in the modelling technique. 
It is clear from this work that the approach used to determine the 
moduli values has its limitations and it is proposed that further 
work to develop theoretical curvature and maximum deflection relation-
ships for other pavement structures will use moduli values,derived 
either using the repeat load triaxial equipment or the surface wave 
propagation technique. 
8.2.2 Correlation Factors 
The use of a standard set of correlation factors to convert the 
Deflection Beam deflected shapes into equivalent Deflectograph 
deflected shapes would undoubtedly have influenced the theoretical 
relationship between curvature and maximum deflection. 
The correlation factors used were those appropriate to a structure 
with a substantial thickness of granular material. At times, the 
thickness of granular material was greatly reduced and at the same 
time the thickness of bituminous material was increased. 
Under these circumstances the correlation factors corresponding to 
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the structure with a bituminous roadbase may well have been more 
appropriate. 
The probable effect of not using the appropriate correlation factors 
would be to slightly overestimate the magnitude of the differential 
deflection. 
The use of correlation factors to determine equivalent Deflectograph 
deflected shapes from the response of a two-dimensional model is 
cumbersome and requires further attention. It is quite possible 
that a more convenient solution to the problem of determining 
Deflectograph deflected shapes could be obtained with the use of 
a three-dimensional model. This idea is considered later in the 
section entitled 'Further Work'. 
There may also be a slight error in the magnitude of the correlation 
factors because no account was taken of the influence of the loaded 
front wheels on the measured deflected shapes. It was assumed that 
the deflected shape in front of the rear wheels gradually reduces 
to zero deflection, whereas in practice this gradual reduction in 
deflection becomes at some stage a gradual increase in deflection 
brought about by the weight of the front wheels of the Deflectograph. 
8.2.3 Temperature correction of the deflected shape measurements 
The temperature correction procedure used to standardise the deflected 
shape measurements recorded by the Deflectograph would have influenced 
the empirical relationship between curvature and maximum deflection. 
The procedure adopted resulted in the temperature correction of all 
deflected shape measurements to equivalent values at 20°C using 
previously deriyed empirical relationships between maximum deflection 
( 3 5) 
and temperature. 
Standardising the deflected shape measurements in this way effectively 
eliminated the influence that any temperature associated change in 
the stiffness of the bituminous material could have had on the 
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relationship between curvature and maximum deflection. 
The relationships between maximum deflection and temperature were used 
to correct both the maximum and ordinate deflection measurements to 
equivalent values at 20•c. 
The use of these relationships to standardise ordinate deflections 
200 mm from the point of maximum deflection was not strictly correct, 
because the relationships between maximum deflection and temperature 
will almost certainly be different to the relationship between 
ordinate deflection, 200 mm from the point of maximum deflection, 
and temperature. However these relationships were used because 
more appropriate relationships did not exist or could not be 
determined in the time available. 
The influence that this temperature correction procedure had on the 
empirical relationships between curvature and maximum deflection 
was relatively unimportant in terms of its possible effect on the 
estimates of bituminous layer thickness; the reason being that 
this same temperature correction procedure was used to temperature 
correct the deflected shape measurements that were subsequently 
combined with these relationships to estimate bituminous layer 
thickness. 
However, the temperature correction procedure would still cqntribute 
to the difference between the theoretical and empirical curvature and 
maximum deflection relationships. 
8.2.4 The properties of the lower pavement layers 
Changes in the properties of the lower pavement layers will influence 
the empirical relationship between curvature and maximum deflection. 
It was not possible to evaluate the likely magnitude of the effect of 
changes in the properties of the lower layers on the relationship 
between curvature and maximum deflection because they were unknown 
quantities that could not be readily defined within the time available. 
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8.3 CONCLUSIONS 
It can be concluded that despite the limitations of the methods used 
and the assumptions made, this work has demonstrated that: 
(i) use can be made of a finite element programme to model the 
response of actual pavement structures. 
(ii) the theoretical model can be used to derive relationships 
between curvature and maximum deflection for pavements 
with various thicknesses of bituminous material. 
(iii) similar relationships exist for actual pavement 
structures. 
(iv) relationships between curvature and maximum deflection, 
if properly defined, can be used together with measurements 
of the deflected shape of the pavements's surface, as 
recorded by a Deflectograph, to estimate bituminous layer 
thickness. 
These conclusions suggest that a method can be developed for 
continuously assessing the thickness of bituminous material from the 
analysis of deflected shape measurements made with a Deflectograph. 
Considered in the next section is the way in which such a procedure 
could be used. 
The final section gives details of the areas that require further 
work to allow the relationship between curvature and maximum 
deflection to be incorporated into a bituminous layer thickness 
estimation procedure. 
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8.4 A PROCEDURE FOR CONTINUOUSLY ASSESSING THE THICKNESS OF 
BITUMINOUS MATERIAL IN A FLEXIBLE PAVEMENT STRUCTURE 
The empirical curvature and maximum deflection relationships have been 
used in conjunction with deflected shape measurements to estimate the 
thickness of bituminous material in a pavement structure. 
In the main, the estimates of bituminous layer thickness made in this 
way agreed favourably with the actual thicknesses indicated by the 
cores. 
This validation work, although based upon a small sample of measurements 
has clearly demonstrated the potential use of properly defined 
relationships between curvature and maximum deflection, together with 
deflected shape measurements, for estimating bituminous layer thickness • 
. considered in this section is the way in which these relationships can 
be incorporated into a procedure that could be used on a routine basis 
to estimate the thickness of bituminous material in a flexible 
pavement structure. 
The procedure for estimating the thickness of the bituminous material, 
based on the relationships between curvature and maximum deflection, 
is not seen as an alternative to conventional coring techniques. 
The role of the estimation procedure is to reduce the large amount 
of uncertainty that exists at present when trying to estimate the 
thickness of the bituminous layer between two cores and indeed if the 
cores are of different thickness, to identify where the change in 
thickness occurs. 
Essential to the proposed. bituminous layer thickness estimation 
procedure would be the need to extract cores in the conventional 
manner, at! km or 1 km intervals, as part of the·routine coring 
programme before the Deflectograph survey. 
Typical material types and layer thicknesses could be identified from 
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the extracted cores. This construction information would allow the 
selection of the appropriate chart defining the theoretical relation-
ships between curvature and maximum deflection from a series of 
charts applicable to a wide range of pavement structures. These 
relationships could then be used, together with the deflected shape 
measurements recorded with the Deflectograph, to estimate the thickness 
of bituminous material for the lengths of pavement between the 
positions where cores had previously been extracted. 
Investigations with the theoretical model has clearly demonstrated 
the large influence that temperature associated changes in the 
stiffness of the bituminous layer can have on the relationship 
between curvature and maximum deflection. 
Temperature variations do occur in practice, posing a real problem 
to any evaluation method that is based upon measurements of the 
response of the pavement structure to a given load. A temperature 
correction procedure is therefore required that will allow the 
curvature and maximum deflection relationships to be used in 
conjunction with deflected shape measurements recorded over a range 
of pavement temperatures. A proposed temperature correction 
procedure is outlined in the 'further work' section. 
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8. 5 FURTHER WORK 
As a result of the investigations undertaken during this project 
is is felt that there are a number of areas where further work 
is required to accurately define a procedure that can be used, 
together with deflected shape measurements recorded with a 
Deflectograph to estimate bituminous layer thickness. 
The areas of specific interest are itemised below: 
1. A basic requirement is that the bituminous layer thickness 
estimation procedure is based upon relationships between curvature 
and maximum deflection that are derived from the theoretical 
response of pavement structures more similar to those likely to be 
surveyed with the Deflectograph. 
Reference could be made to the results of previous coring programmes 
to identify a number of typical structures. 
The nucleus of the bituminous layer estimation procedure would be a 
series of charts defining the relationships between curvature and 
maximum deflection for a wide range of pavement structures. 
2. The present method of deriving equivalent Deflectograph 
deflected shapes from the absolute response of a two-dimensional 
model is particularly cumbersome and a more direct approach is 
required. 
It is therefore proposed that the two-dimensional model be replaced 
by a three-dimensional model that would allow the absolute response 
to be converted directly into an equivalent Deflectograph response. 
The adoption of a three-dimensional model would also allow the 
behaviour of the materials in the pavement structure and the method 
of loading to be defined more accurately. 
3. The method used to ensure that the response of the theoretical 
model was similar to that of the actual pavement structure has 
several weaknesses. 
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Tre most important concerns the derived moduli values and the fact 
that because they were the only ~nknowns, their magnitudes were in 
effect influenced by the behavioural assumptions associated with the 
modelling technique. 
Although an attempt was made to make sure that the moduli were 
realistic, it was in one instance necessary to adopt a high 
modulus for the bituminous material to accurately model the deflected 
shape in the vicinity of the maximum deflection. 
A more suitable approach to the problem of accurately defining the 
response of the theoretical model might be to incorporate moduli 
values derived from tests on each material type. 
In-situ moduli can be estimated using the surface wave propagation 
equipment. The major problems with this method are that it is time 
consuming and the derived information is only applicable to the 
pavement structure directly beneath the vibrator. 
The repeat load triaxial equipMent can be used in the laboratory 
to estimate the modulus of samples of material. 
4. A temperature correction procedure is required that will allow 
the curvature and maximum deflection relationships to be used in 
conjunction with deflected shape measurements recorded over a range 
of pavement temperatures. 
The present method employed to temperature correct the deflected 
shape measurements that were subsequently used to derive. the empirical 
curvature and maximum deflection, is unsuitable for two reasons. 
Firstly, it is not strictly correct to use relationships between 
maximum deflection and temperature to temperature correct ordinate 
deflections measured 200 mm from the point of maximum deflection. 
Secondly, it was only possible to select the appropriate maximum 
deflection and temperature relationship because the thickness of 
bituminous material was known in advance for long lengths of pavement. 
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An alternative method for taking into account the effect of 
temperature on the response of a pavement structure is outlined 
below. 
The proposed method involves the use of the theoretical model 
to prepare charts, for a number of thicknesses of bituminous 
material, showing the relationships between curvature and maximum 
deflection for a range of temperatures, Figure 8.1. 
Curvature 
(not to scale) 
5°C 
Maximum deflection 
Figure 8.1 Typical chart showing the effect of temperature on the 
relationship between curvature and maximum deflection. 
The initial selection of the appropriate relationships between 
curvature and maximum deflection would be made on the basis of the 
thickness of bituminous material, as indicated by the first core, 
and the initial pavement temperature. 
Successive deflected shape measurements, recorded at specific 
temperatures, would then be used in conjunction with the selected 
chart to estimate the thickness of bituminous material present. 
Movement from one line, defining the curvature and maximum deflection 
relationship at a particular temperature, to another line without 
an associated temperature change would be interpreted as a change in 
the thickness of the bituminous material. 
Movement up the chart representing an apparent increase in temperature 
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would indicate a reduction in the thickness of bituminous material 
(increase in curvature). 
Movement in the opposite direction would likewise indicate an increase 
in the thickness of bituminous material (decrease in curvature) • 
The correct thickness of bituminous material would be identified 
by the chart showing the correct relationship between curvature and 
maximum deflection appropriate to the temperature at the time of 
measurement. 
5 . These investigations have been primarily concerned with the 
development of relationships between curvature and maximum deflection 
for pavements in a sound condition, i.e. showing no visual signs 
of deterioration. 
Pavements are not always in a sound condition and there is therefore 
a need to determine the influence that the material weaknesses 
associated with cracking and permanent deformation can have on the 
relationship between curvature and maximum deflection . 
Once defined , the bituminous layer thickness estimation procedure 
could also be used on pavements showing visual signs of deterioration. 
6 . Problems were shown to exist when recording deflected shape 
measurements on a time basis. Variations in the position of the 
ordinate deflections associated with change in the speed of the 
Deflectograph occurred regularly. 
These variations resulted in the definition of different portions of 
the overall deflected shape which meant that the measurements had to 
be corrected before they could be analysed. 
To overcome this problem it is proposed that a method be developed 
that allows the position of each ordinate deflection to be specified 
on a distance basis, i.e. 25 mm from the point of maximum deflection, 
etc. This would ensure that at all times the ordinate deflections 
were recorded at the required distances from the point of maximum 
deflection. 
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9 _ THE BACKGROUND AND DEVELOP!-1ENT OF THE UNITED KINGDOl1 FLEXIBLE 
PAVEMENT EVALUATION AND STRENGTHD~ING DESIGN METHOD. 
9.1 INTRODUCTION 
More than 20 years ago the Road Research Laboratory developed a 
standard method of deflection measurement and embarked upon a programme 
of deflection studies aimed at developing relationships between 
deflection and pavement performance . 
The important concept of the deflection history was introduced to 
relate deflection and performance, defined in terms of the traffic 
carried and the condition of the pavement's surface, and is covered 
in detail in this chapter . 
Deflection histories were plotted with deflection as the vertical 
axis and cumulative commercial traffic as the horizontal axis. The 
condition of the pavement's surface (Sound, Critical or Failed) in the 
immediate area of the deflection measurement was indicated by the use 
of an appropriate symbol. A curve was drawn through the points to 
separate the sound from the critical and failed conditions. 
The curve was termed the deflection criterion curve. 
Deflection 
Figure 9 .1 
ROADS IN A SOUND 
CONDITION 
ROADS EITHER FAILING 
OR FAILED 
Cumulative Traffic 
(36) 
The Deflection Criterion CUrve (after Lister) 
If deflection remained constant with time the deflection criterion 
curve could be used to estimate the remaining life of a pavement from 
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a defl ect ion measurement . Deflection does not remain constant with 
time , and in general increases with increase in the traffic carried . 
It was therefore not only nec essary to define the position of the 
deflection criterion curve but also the way deflection changed with 
the traffic carried, if the remaining life was to be predicted 
accurately from a deflection measurement . 
Most of the field measurements were made on TRRL's full - scale design 
experiments and the development of the relationships between deflection 
a nd performance for the different pavement types are discussed in 
relation to these full-scale experiments, which for the purpose of this 
report are divided into three groups:-
(i) The early full-scale design experiments constructed from 
(36) 
1950 to 1956 . 
(ii) The Alconbury Hill experiment which provided a great deal of 
d fl . . f . (36) e ect~on ~n ormat~on. 
(iii) The full - scale experiments constructed from 1960 to 1965 . 
These studies show that deflection can be related to the performance, 
for the main roadbase types, and that use can be made of such 
relationships, together with a knowledge of deflection and the traffic 
carried, to predict the unexpired pavement life. 
The development of similar relationships for overlaid pavements has 
lead to the construction of overlay design charts, capable of being 
used to define the overlay thicknesses required to extend the life of 
a road to any given traffic level. 
A flexible pavement evaluation and strengthening design procedure has 
been developed for use in the United Kingdom and was first published 
(65 ) 
b y TRRL in 1973 as Laboratory Report LR571. This me thod was based 
upon deflection and performance relationships collected over a 
15 year period. 
The availability of additional information allowed a second more 
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comprehensive method to be published by TRRL in 1978 as Laboratory 
(35) (35 ) 
Report LR833 . The use of this method (LR833) is given in detail in the 
next chapter, with particular reference made to areas where change 
(65) 
has occurred in the format originally used in the first method (LR571). 
This second version is currently being used by engineers in the United 
Kingdom to predict the remaining life and , where necessary, to design 
strengthening measures for a wide range of flexible pavements. 
9.2 DERIVATION OF DEFLECTION AND PERFORMANCE RELATIONSHIPS 
The existing flexible pavement evaluation and strengthening design 
procedures are based upon empirical deflection and performance 
relationships derived from investigations into the behaviour of full-
scale pavement design experiments. 
This section outlines the concept of the deflection history and 
gives details of the work involved in the derivation of the deflection 
and performance relationships. 
9 .2.1 Deflection History 
The deflection history of a pavement relates the deflection to the life 
of the road (in terms of the total amount of traffic carried) and the 
condition, as determined principally by the permanent deformation and 
degree of cracking in the wheel paths . 
9.2.2 Deflection Measurements 
The first deflection measurements were made before the road was opened 
to traffic. Thereafter the measurements were made twice yearly in the 
early life, followed in general by annual measurements in the later 
stages. The Deflection Beam was used to measure deflections . 
Observations at 6 - 12 m along the length of road were used on the 
experimental sections, but a wider spacing was more common on normal 
in service roads. 
9.2.3 Pavement Condition 
The condition of the road in the immediate area of the point of the 
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deflection measurement was defined primarily in terms of the 
development of deformation in the wheel paths. Cracking, where it 
occurred, took place relatively late in the life of the pavement. 
Pavement condition, in terms of rutting and cracking, was classified 
into one of three major categories, SOUND, CRITICAL, or FAILED, using 
the recommendations given in Table 9 .1. 
Classification 
Sound 
Critical 
Failed 
1 
2 
1 
2 
1 
2 
Visible Evidence 
No cracking. No appreciable rutting. 
No cracking. Rutting less than lOmm. 
No cracking. Rutting between 
10 mm and 20 mm. 
Cracking confined to single crack 
in wheel path. 
Rutting less than 20 mm. 
Cracking extending over the area 
of the wheel path and/ or rutting 
greater than 20 mm. 
Dangerous to traffic. Disintegration 
of the road surface . 
Table 9 .1 
(36 ) 
Classification of Pavement Conditions (after Lister) 
9 .2.4 Traffic 
The scarcity of information on wheel load spectra dictated that the 
cumulative total of commercial vehicles (sum in both directions) was 
used to define traffic. This information was deduced from Ministry of 
Transport records . The work from the Alconbury Hill experiment 
included results from automatic weighbridges and traffic was 
expressed in terms of equivalent 8,200 kg standard axles using 'the 
fourth power law'. 
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9.2.5 Deflection Criteria Curve 
Deflection histories are plotted with the deflection as the vertical 
axis and cumulative commercial traffic as the horizontal axis. The 
condition of the pavement in the immediate area of the deflection 
measurement is indicated by the use of an appropriate symbol. In 
this way it is possible to draw a curve through the points to 
separate the sound from the critical and failed conditions. 
t 
c 
0 
·.-l 
+J 
~ Measurement 
~ ~ 
Q 
Predicted 
life 
ROADS EITHER FAILING 
OR FAILED 
ROADS IN SOUND CONDITION 
Cumulative traffic + 
Figure 9 .2 The Deflection Criterion Curve (after Lister ) (36 ) 
Such a curve (Figure 9.2) has been termed a deflection criterion 
curve for the particular type of pavement examined. If it could be 
assumed that the deflection of a pavement remained constant with time , 
the deflection criterion curve could be used to estimate the probable 
life from a deflection measurement. A change in deflection can occur 
and under these conditions any estimate made in this way can only be 
. ( 36) . f h approximate. L~ster uses F~gure 9.3 to illustrate ti1e nature o c anges 
which are possible in deflection studies. 
Two sets of measurements are shown at different times in three areas 
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Figure 9.3 The inter- relationship between deflection, traffic 
and road performance . (After Lister) (36) 
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of a pavement constructed to the same nominal specification. At 
area (1) the road was already failing when the first measurement 
was made and more serious failure was apparent at the time of the 
second measurement ; this was reflected in the increased deflection. 
Area (2) was sound initially but was failing when the second 
series of tests were made. The decrease in deflection indicates 
that compaction of the pavement structure under traffic caused the 
deformation resulting in failure. In area (3) no failure has been 
observed but the increase in deflection suggests some deterioration 
within the pavement or its foundations, likely to lead to early 
failure. 
On this evidence the straight line deflection criterion curve can be 
drawn through the two critical deflection values revealed by the 
measurements. The assumption of a constant deflection level equal 
to the first measurement would for area (2) lead to a shorter estimated 
life than that actually observed, whilst for area (3) the reverse would 
be the case. 
Clearly two or more measurements made at a point after different 
intervals of time can be used in conjunction with a criterion curve to 
obtain increased accuracy in estimating life expectancy. 
It follows that the deflection criterion curve so far considered is 
"immediate" in the sense that it is based on deflections obtained 
at the . time critical conditions are developing in the pavement. It 
follows too that in using this criterion curve to estimate the future 
life of a pavement from a deflection value, the variation of deflection 
with life (in terms of the traffic carried) must be taken into account. 
9 .3 EARLY FULL-SCALE DESIGN EXPERIMENTS 
Details of the early full-scale pavement design experiments are given 
in Table 9 .2. 
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Site 
Boroughbridge 
Yorkshire 
(Al) 
Cambridge 
Glos. (A38) 
Sapcote 
Junction 
Leics. (A46) 
Lough ton 
By-Pass 
Bucks. 
(AS) 
Table 9 . 2 
Date of Commercial Types of Types of Soil traffic Construction in 1959 Base Surfacing Conditions 
(V.P.D.) 
1950 2840 Crushed Rolled Silty 
stone asphalt sand 
Tarmacadam Bitumen 
macadam 
1955 Crushed Rolled Sand 
stone asphalt 
Sand cement Bitumen 
macadam 
1954 2590 Crushed Rolled Medium & 
stone asphalt Heavy clay 
Gravel 
Tarmacadam 
1951 1690 Crushed Rolled Medium clay 
stone asphalt 
Tarmacadam 
1955 3970 Crushed Rolled Sandy & 
stone asphalt Heavy clay 
Bitumen 
macadam 
Details of early full-scale pavement design (36) 
experiments used for deflection studies (after Lister) 
These roads provide examples of a variety of types of pavement 
construction incorporating both asphalt and open-textured bitumen 
macadam surfacings laid on bases of crushed stone, open-textured 
macadam and sand cement. 
The deflection readings associated with the traffic compaction phase 
were not determined because the roads were already open to traffic 
before the test programme began . 
The main conclusions are discussed in terms of the base materials. 
9 .3.1 Granular Bases 
Deflection measurements conformed to the expected pattern of behaviour, 
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greater deflection measurements were recorded on thinner sections, which 
also deteriorated to a critical condition before the thicker and stiffer 
ones. A deflection criteria curve was drawn from the results from these 
sections. The strength of the subgrade was shown to significantly 
influence the measured deflection and hence performance of the sections 
with a granular road base. 
9 .3.2 Tarmacadam Bases 
Sections having a tarmacadam base gave smaller deflections than were 
recorded on unbound bases of equal thickness reflecting the greater 
stiffness of the tar coated materials. 
9 .3 . 3 Sand Cement Bases 
Studies indicated that the behaviour of cement bound materials after 
they had begun to crack could be strongly influenced by the nature of 
the surfacing. 
9 . 4 THE ALCONBURY HILL EXPERIMENT 
This major full-scale road experiment was built during the Spring and 
Summer of 1957 and was opened to traffic in November of that year. The 
experiment provided valuable information on pavement design and also 
enabled the scope of the deflection programme to be widened to include 
modern road base materials such as rolled asphalt, lean concrete, and 
'wet mix' slag. It proved the first opportunity to study deflection 
pistories of pavements from the time of their construction. Because 
of the wide range of types and thicknesses of base and surfacing 
materials used, the general relevance of the definitions of pavement 
condition, originally derived mainly from the behaviour of pavements 
with crushed stone bases, were studied. The layout of the experiment 
was such that varying thicknesses of different types of surfacings and 
base materials were laid upon varying thicknesses of the same sub-base 
material. 
9 .4.1 Pavement Strength 
9 .4.1.1 Temperature correction of Deflection Measurements 
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The scope of the deflection programme allowed the relationship between 
deflection and the temperature of the bituminous material to be studied. 
Results proved that deflection was dependent upon temperature and 
recommendations were produced enabling deflection measurements to be 
corrected to an equivalent deflection at 20° c. 
9 .4.1.2 Factors influencing deflection 
Studies of the pattern of early deflection behaviour revealed that 
initial deflection values were an unreliable indicator of a road's 
future performance under traffic, because changes in subgrade strength 
and stiffening of the road materials due to compaction occurred in the 
road's early life. 
9 .4.2 Pavement Condition 
The pavement condition classifications shown in Table 9 .1 were used in 
developing the deflection histories. Analysis of the data enabled 
typical records relating rut depth and cumulative number of standard 
axles carried to be constructed, Figure 9 .4. From these records it 
was apparent tha~ after the initial period of compactio~ the relation 
between rut depth and cumulative number of standard axles carried 
was basically linear up to and generally beyond the value of 10 mm 
taken as defining a critical pavement condition. 
A study of rut depth at which appreciable cracking first appeared was 
also undertaken and results indicated a mean value close to the 10 mm 
given in Table 9 .1 as defining the onset of critical conditions. As 
appreciable surface cracking would generally signify structural 
weakening, the initial choice of rut depth of 10 mm to define the 
onset of critical conditions was thus supported. 
9 .4. 3 Traffic 
Dynamic weighbridges were installed at Alconbury Hill and indicated 
considerable difference s in the wheel load spectra of traffic passing 
in the two directions. These differences were significant and were 
reflected in the observed performance of the slow traffic lanes in the 
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two directions, despite uniformity of subgrade conditions and similar 
numbers of vehicles passing in each direction . 
9. 4.4 Deflection History 
Deflection histories were produced for sections with bituminous 
rolled asphalt, ' wet mix' slag, lean concrete, sand cement 
and tarmacadam bases . 
Typical observations by Liste~ 36tndicated that after the early changes 
in deflection already considered, subsequent changes on pavements 
which remained in a sound condition were generally less rapid. 
Most sections showed a slow increase with time prior to an unusually 
severe Winter of 1963 . The immediate effect of this Winter was to 
cause large irreversible increases in the deflection of many of the 
surviving sections and was, in many cases, associated with the 
development of critical conditions. 
To eliminate the possibility of a discontinuity in road performances 
and deflection behaviour, in 1963 the critical lives of the individual 
points in the experimental sections were analysed in terms of mean 
values of Spring deflections prior to 196~ or to mean values up to the 
time critical conditions developed, if this was before that date. 
The deflection values were known as standard early life deflections 
and details of the deflection and performance relationships derived 
for each roadbase type tested are as follows. 
9 .4 . 4.1 Rolled Asphalt Bases 
Figure 9 .5 shows the standard early life deflection values for all 
points on sections with rolled asphalt bases plotted against their 
critical lives, in terms of cumulative standard axles. The results 
indicated a very strongly defined relation between early life 
deflection and performance of the form:-
LIFE ~ 1 
(Deflection) 3 Deflection in mm. 
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Sub-base thickness did not influence the position of the criterion 
curve. 
9 .4.4 . 2 Wet Mix Slag Bases 
The mean criterion curve determined from the deflection and performance 
results for the wet slag bases , under 100 mm rolled asphalt surfacing, 
was similar in form to that derived for sections with asphalt bases. 
No influence of sub-base thickness or subgrade strength on the 
criterion curve was detected. 
9. 4.4.3 Lean Concrete Bases 
The deflection and performance plots for 150 mm and 225 mm thick lean 
concrete bases,under 100 mm rolled asphalt surfacings, were grouped 
about a line of similar slope to that derived for wet mix slag and 
asphalt bases, but considerably below it. Sections exhibiting 
extensively cracked bases performed in a similar manner to those 
sections with a thin granular base. 
9. 4 . 4 . 4 Soil Cement Bases 
The deflection and performance relationships for sections with 100 mm 
rolled asphalt surfacings indicated, for the thicker bases , a criterion 
curve identical to that derived for the much stronger concrete bases . 
9.4.4.5 Tarmacadam Bases 
The deflection and performance relationship for open-textured 
tarmacadam bases closely followed the line already derived for both 
asphalt and wet mix slag bases under 100 mm asphalt surfacings. 
9 .4.5 Application of the Deflection and Performance Data 
The relations between early life deflections and critical lives of 
pavements with l OO mm rolled asphalt surfacings, in combination with 
the five types of base used, are shown in Figure 9 . 6 . The deflection 
criterion curves have been shown to be virtually independent of sub-
base and base thickness and also of subgrade strength in the range 
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of CBR values 2.5 to 7 per cent. 
The deflection histories obtained indicated that on almost all 
pavements , including many of those which remained in a sound condition 
for the duration of the experiment, a slow increase in deflection took 
place with time and traffic , once the compaction phase was complete . 
Figure 9 . 7 shows the deflection values when critical conditions 
develop for sections with rolled asphalt bases, together with the mean 
trend lines of deflection from early life values towards the critical 
curve. 
Use of such a chart allows the remaining life of a pavement to be 
estimated at any stage before critical conditions develop, from a 
knowledge of deflection and of the cumulative number of standard 
axles carried to date. 
9 .4 . 6 Conclusions 
Several important conclusions were deduced from the Alconbury Hill 
experiment . 
(1) Changes in moisture conditions i n the subgrade, following the 
disturbance of the construction phase , can cause considerable changes 
in deflection level. Reductions in deflection can result from 
compaction and/ or cementing action of the granular layers . Deflections 
measured before the road is opened to traffic are unreliable because of 
the time taken to achieve subgrade moisture equilibrium and for the 
cementing action to take place. Compaction of the granular layers is 
normally complete within about a year. 
(2) Measured deflections can be corrected to a s,tandard equivalent 
deflection at a temperature of 20 ° C using the derived relationships. 
(3) Well-defined relationships between critical lives and mean early 
life deflections were obtained. For lives of greater than about one 
million standard axles the curves were of the form 
LIFE eX 1 
(Deflection) 3 Deflection in mm. 
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(4) Virtually identical curves were derived for rolled asphalt, 
tarmacadam and wet mix slag bases. Equal performance is not implied 
because of the different thicknesses of different bases required to 
attain a given deflection and therefore life . Similarly sand cement 
and lean concrete shared a common curve and again equal performance 
is not implied. 
(5) The Spring deflections measured immediately after the abnormally 
severe Winter of 1963 weregenerallyappreciably greater than those of 
the proceeding years. The increase was most noticeable in the weaker 
sections surviving at the time, and whose former deflection levels 
were rarely re-established and the critical lives probably shortened. 
However, the overall deflection performance relationships for the 
groups of sections were not distorted by the effects of this Winter, 
due probably to the abnormally high Winter water table present at this 
site . 
It is therefore reasonable to conclude that abnormally severe Winters 
will also not effect deflection performance relationships for roads 
with more normal water table conditions. 
(6) Prediction of the unexpired life of pavements from deflection 
measurements,made at any time before critical conditions develop, 
can be made from charts which take into account the changes in 
deflection with time and traffic. 
9.5 FULL-SCALE PAV&~ DESIGN EXPERIMENTS - 1960 to 1965 
Details of the six full-scale pavement design experiments , constructed 
(22) 
by TRRL during the period 1960 to 1965, have been reported and are 
given in Table 9.3. 
Table 9.3 outlines the main variables investigated at each site, 
together with the subgrade type and strength. Traffic information 
is also presented, made possible by the inclusion of dynamic 
weighbridges at these sites to automatically record axle weights . 
These experimental pavement sections allowed deflection histories to be 
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Initial Growth Damaging effect 
Year of Main variable (numbered) Subgrade traffic• rate of of commercial 
construction Location and construction details type and (commercial commercial traffic (standard 
atn:ngth vehicles/ traffic(~ axles/1 00 corn-
day) per annum) mercial llJiles) 
1960 A4091 (8 km 1. Type and thickness of roadbase - rolled asphalt, Fly ash 800 3 .s.s 
south of coated macadam, lean concrete - 100-300 mm emba.nkment 
Tamworth) thick CBR >.SO% 
Surfacing- Rolled asphalt - 25 mm thick (100 mm 
over lean concrete) 
Sub-baK - Fly ash 
1962 A38 Salters Hill l. Type of surfacing- asphalt, various coated Silly clal 1500 6 20 
(16 km north of macadams - 100 mm thick LL 56?, Gloucester) PL 21 • • 
Roadbllse - Wet-mix - 200 mm thick CBR 4~ 
Sub-base -Gravel- ISO mm thick 
1963 A30 Nately 1. Type and thickness of roadbase- wet-mix, lean Silty clay 1500 .s 35 
Scures (3 km concrete, dense-coated macadam, rolled LL 60% 
west of Hook), asphalt - 80-300 mm thick PL 21% 
Hampshire 2. Type of basecourse over coated macadam CBR 3.5~ 
road bases 
Sub-base -Gravel- 1.50 mm thick 
1963 A40 Wheatley J. Grading and strength of cemented roadbase Silty clal 8.50-1300t 3 20-3.5t 
By-pass (12 km materials- 200 mm thick LL .57~ (eastbound) 
east of Oxford) 2. Grading and binder content of bituminous PL 20~ 25-3ot 
road base materials - 200 mm thick CBR 5.5% (westbound) 
: 
Surfadng - Asphalt- 100 mm thick 
Sub-base - Gravel - 150 mm thick 
1964 AI Alconbury J. Thickness of certain of the cemented and bitu- Silly clay 1300-22oot 3 25 By-pass, minous roadbase materials used in the Wheatley (average) (northbound) Cambridgeshire By-pass experiment (see above) in the range LL .SI~ 45-S.St 150-250 mm (average) (southbound) 
2. Type and thickness of surfacing- rolled PL 20~ 
asphalt, bitumen macadam -100-200 mm thick CBR .s~ 
Sob-base -Gravel- 150 or 300 mm thick 
1965 AI Conington, l. Type of basc:course under asphalt wearing Silly clay 2400 3 so Cambridgeshire course (total thickness 100 mm), on wet-mix LL SO% 
2 roadbase 200 mm thick PL 20% 
2. Type of bituminous roadbase 150 mm thick CBR 4~ 
under rolled asphalt surfacing 100 mm thick 
Basecourse and - Crushed rock, various gravel 
roadbase aggregates 
Sub-base- Gravel - I SO mm thick 
•Traffic on each carriageway on dual-carriageway roads, or in each direction on single carriageway roads . 
tDepends on location along site and position of side roads. . 
'l'.::.h l ., a 1 
built up for a wide range of material types. 
(38) 
Lister and Kennedy have presented details of the deflection programme 
of studies conducted on the full-scale pavements . Figures were produced 
to show the strongly defined relationships between early life deflection 
and the onset of critical conditions (Figure 9. 8 : . These relationships 
were combined with similar relations between critical deflections and 
traffic carried (Figure 9.9 ) to produce a design chart for predicting 
unexpired pavement life (Figure 9 . 10 ) . Similar design charts were also 
developed for pavements with unbound and cement bound roadbases. 
Information was given on the development of deflection and performance 
relationships from a study of overlaid pavements. From this 
information overlay design charts (Figures 9.11 and 9.12j were 
constructed defining the overlay thicknesses required to extend the 
life of a road to any given traffic level. 
1 . d th . d . d (35.) . An eva uat~on an streng en~ng es~gn proce ure ~ncorporat~ng these 
design charts, and based upon deflection measurements , was briefly 
described. 
(35) 
Details of this method are now presented in the next chapter. 
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10 THE USE OF THE FLEXIBLE PAVEMENT EVALUATION AND STRENGTHENING 
DESIGN METHOD 
Two flexible pavement evaluation and strengthening design procedures, 
for use in the United Kingdom, have been published by TRRL. 
(65) 
The first appeared in 1973 as Laboratory Report LR571 and was based 
upon deflection and performance information collected over a 15 year 
period. 
(35) 
The second method was published in 1978 as Laboratory Report LR833 
(65) 
and is considered to be more comprehensive than that given in LR571 
because of the additional data available for analysis prior to 
publication. 
Essentially these evaluation and design procedures consist of three 
main steps. 
10.1 STEP ONE 
Standardisation of the deflection measurements to take into account 
the possible effects of equipment type and temperature on the measured 
value . This is achieved by making use of the relationships between 
(i) Deflection Beam deflections and Deflectograph deflections. 
(ii) Deflection and pavement temperature. 
10.2 STEP TWO 
Prediction of the remaining life by using the relationship between 
deflection and traffic, together with the standardised deflection 
measurement and an estimate of the traffic carried. 
1 0 . 3 STEP THREE 
If the predicted remaining life is less than that required, a suitable 
overlay thickness to increase the life of the pavement can be designed. 
This is achieved by using the overlay design charts, together with 
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the standardised deflection measurement and the required traffic 
level . 
The main difference between the second evaluation and strengthening 
(35) (65) 
design method (LR833) and the previous one (LR571) is the way in 
which the empirical relationships, referred to previously, are 
presented. Either the number and/ or the form of the charts used 
to express these relationships has been altered as a direct result 
of the information gained from the analysis of the additional 
deflection and performance data. 
A detailed breakdown of the use of the second more comprehensive 
evaluation and strengthening design method}35ln terms of the three 
main steps, now follows . Particular reference is made to areas 
where the format has changed from that originally presented in the 
first method. (6S) 
10. 4 STEP ONE: STANDARDISING THE STRUCTURAL STRENGTH MEASUREHENTS 
10.4 . 1 Correlation of Deflection Measurements 
The most important input into any strengthening design method 
is an assessment of the existing condition or strength of a pavement, 
characterised in this particular case by the .measurement of the 
maximum transient deflection of the pavement's surface caused by a load 
applied to that surface . 
The two pieces of equipment suggested for the measurement of maximum 
deflection were the Deflectograph and the Deflection Beam and details 
of the equipment And the standard operating procedures are given in (25) (26) 
LR834 and LR835 respectively . 
Neither the Deflection Beam nor the Deflectograph measure the absolute 
transient deflec tion because of the way in which the beam assembly 
supports are infl uenced by the deflection of the pavement under the 
action of the front and rear wheels of the truck. To further 
complicate matters the proportion of absolute deflection r ecorded is 
not the same with each piec e of equipment; Deflectograph readings are 
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lower than Deflection Beam readings. The two main reasons for this 
are: 
(i) the tyre spacing and area of contact of the two types of 
wheel assembly are dissimilar. 
(ii) the beam support points are not influenced in the same 
manner during the measured cycle. 
The dissimilarity between the two measured values of deflection meant 
that deflection measured with the Deflectograph could not be used 
directly in connection with the deflection and performance relation-
ships because these were derived using Deflection Beam deflection 
measurements . Therefore deflection measurements made by any other 
means, such as the Deflectograph, must be correlated with the 
Deflection Beam measurements if the criteria outlined in the method 
were to be adopted . 
The correlation between deflections measured by each of the two 
pieces of equipment was achieved by comparing the deflection values 
obtained at identical positions along a particular length of road. 
Experiments on a wide range of pavements with unbound, cemented 
and bituminous bases showed that the correlation was slightly 
dependent upon pavement temperature, but could be sufficiently closely 
represented by the relationship given in Figure 10.1. 
This chart replaces the two deflection correlation charts presented 
in LR57f6~~ere distinction was made between 
granular and cement bound roadbase 
and 
bituminous roadbases. 
10 . 4 . 2 Temperature Correction of Deflection Measurements 
Information was given on the recommended times of the year during 
which deflection surveys should be undertaken. The preferred periods 
of Spring and Autumn were suggested, mainly because t he pavement 
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(after Kennedy and Lister) (JS) 
temperature was more likely to be within the recommended range of 
10° C to 30° C. Deflection measurements made outside this range were 
to be avoided because of the large temperature correction likely to 
be necessary and the correspondingly large inherent errors associated 
with such corrections. 
The relationships between deflection and temperature , derived from a 
study of pavements with a wide range of bases and surfacings , were 
presented as six separate charts enabling deflections measured at any 
temperature , within the recommended range , to be corrected to 20° C. 
The choice of the relevant chart is dependent upon two factors; the 
overall thickness of bituminous material and the thickness of dense 
bituminous material . 
:!?igure 10.2 shows the temperature correction chart for pavements with 
75 - 195 mm of bituminous material of which at least 75 mm is dense 
bituminous material. These six temperature correction charts replace 
the three charts presented in LR571 (,6~\lowing a more accurate 
estimation of the effect of temperature to be made by taking into 
account the proportion of dense bituminous material present. 
The deflection and temperature relationships associated with pavements 
exhibiting inter-connected and well developed cracks are different to 
those on uncracked pavements . Cracked pavements are less susceptible 
to the effects of temperature and to account for this Table 10 . 1 was 
given to help select the appropriate temperature correction chart for 
severely cracked pavements. 
The general effect of Table10 . 1 was to recommend the use of the 
temperature correction chart applicable to a range of bituminous layer 
thicknesses immediately below the range suggested by the bound layer 
thickness present, i . e. the effect of temperature reduced for cracked 
pavements. 
The method for taking into account the different deflection and 
temperature relationships for cracked pavements has been changed. 
Table 10.1 replaces the broken lines shown on each temperature correction 
(65) 
chart in LR571, Figure 10.3. 
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Total thickness of Thickness of dense Use temperature correction chart for 
bituminous bituminous lltickness of dense 
material in the material in the Thickness of bituminous bituminous 
material pavement pavement material 
mm mm mm mm 
>324 - 275-324 (8)A -
275-324 - 195-274 (7) -
195-274 - Either 
-- 75-195 (6) u;;.r.75 
. or 
137-195 (5) if<75 
75-195 ~75 137-195 (5) 
137-195 <75 135 (4)8 <75 
<137 <75 135 (4)c <75 
~ Figures in brackets indicate Figure number in this Report 
B The solid lines on Figure 4 should be used 
c The dashed lines on Figure 4 should be used 
Table 10.1 Selection of appropriate temperature correction chart 
for severely cracked pavements 
(after Kennedy and Lister) (35) 
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Figure 10.3 Relation between deflection and temperature for 
pavements with not more than 200 mm of bituminous 
material of which at least 100 mm is rolled asphalt. 
(After Norman , et al) (65) 
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10 . 4.3 Assessing the Visual Condition of the Pavement ' s Surface 
It was suggested in this method that the visual condition of the 
pavement ' s surface be determined close to the points at which the 
deflection measurements were made. Standard procedures were recommended. 
Rut depths were to be measured by sliding a graduated wedge under a 2 m 
straight edge laid transversely across the wheelpath and the measure-
ments recorded together with the extent of any cracking . 
The condition of the pavement's surface could then be classified in 
accordance with the recommendations given in Table 10.2. 
The visual condition classifications of SOUND , CRITICAL and FAILED 
and the corresponding visual evidence criteria presented in this method 
(65) 
have not been altered from that given in LR571, Table 10 . 3 . However 
reference to Tables 10.2 and 10.3 wi ll show that a coding system has been 
introduced allowing a further sub-division of the three main 
classifications. The sub-division of the FAILED classification was 
necessary to allow adequate definition of any cracking present. 
10 .5 STEP TWO: ESTIMATING THE REMAINING LIFE OF A FLEXIBLE PAVEMENT 
Information from the deflection histories was used to construct charts 
showing the relationships between deflection and traffic for the main 
roadbase types. 
The number of deflection and performance charts has been increased from 
(65) 
three in the previous method (LR571) to four expressing the 
relationships for pavements with: 
(i) granular road bases whose aggregate s exhibit a natural 
cementing a c tion; 
(ii) non-ceme nting granular r oad bases ; 
( iii) bituminous road base s ; 
(iv) cement bound r oad base s . 
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CLASSIFICATION CODE 
SOUND 1 
2 
CRITICAL 3 
4 
5 
FAILED 6 
7 
8 
VISUAL EVIDENCE 
No Cracking Rutting under a 2 m straight-
edge less than 5 mm 
No Cracking Rutting from 5 mm to 9 mm 
No Cracking Rutting from 10 mm to 19 mm 
Cracking confined to a single crack or 
extending over less than half of the 
width of the wheel path. Rutting 
19 mm of less 
Interconnected multiple cracking extending 
over the greater part of the width of 
the wheel path. Rutting 19 mm or less 
No Cracking Rutting 20 mm or greater 
Cracking confined to single crack or 
extending over less than half of 
the width of the wheel path. Rutting 
20 mm or greater 
Intercon~ected multiple cracking extending 
over the greater part of the width of 
the wheel path. Rutting 20 mm or 
greater 
Table 10 . 2 Classi f i cation of the condi t i on of t he r oad sur face 
(aft er Kennedy and List er) (35) 
CLASSIFICATION VISIBLE EVIDENCE 
SOUND No Cracking Rutting under 2 m strai ght edge 
less than 10 mm 
CRITICAL (a) No Cracking Rutting between 10 and 20 mm 
(b) Cracking confi ned to a single crack in 
the wheel tracks, with rutting less than 
20 mm 
FAILED Cracking extending over the area of the wheel-
track and/or rutting greater than 20 mn"j _ 
Table 10 . 3 Classification of pavement condi tion 
(after Norman et al) (65) 
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Figure 10.4 shows the relation b'etween standard deflection and life 
for pavements with non-cementing granular road-bases . 
Analysis of the data available for pavements with granular road-bases 
indicated different deflection and performance relationships for 
granular materials which exhibit a natural cementing action. An 
(35) 
additional chart was included in the LR833 to cover these granular 
road-bases whose strength increases with time due to the cementing 
action of the fines in the aggregate. 
The method suggests that if there was any doubt as to cementing 
action it should be assumed that such action takes place because more 
conservative results would be obtained. 
Further guidance on the selection of the appropriate chart was given 
because individual road pavements can contain road-base and sub-base 
materials that belong to several or all of the categories which define 
the four deflection and performance charts. 
The method chosen to present the deflection and performance relation-
(35) (65) 
ships in LR833 was different to that presented in LR571: deflection 
was plotted to a normal scale and traffic to a logarithmic scale in 
(35) 
LR833, whereas both deflection and traffic were plotted to a 
logarithmic scale in LR571. (65 ) 
This change of presentation was in direct response to the requests 
received from engineers, already using the deflection and performance 
(65) . 
charts presented in the previous method, for a s1mpler form of 
presentation . 
The replacement of the single deflection criterion curve shown on the 
(65) (35) 
charts in LR571, by four curves on the charts in LR833, representing 
different probabilities of achieving the desired life was made possible 
by the extra data available for analysis, allowing the definition of 
their relative positions. 
Use of the lower deflection level corresponding to the 0.9 probability 
criteria curve means that the engineer is accepting a 10% possibility 
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that the pavement will reach critical conditions before this deflection 
level is reached . Use of the higher deflection level corresponding to 
the 0.25 probability criteria curve means that there is a 75% 
p o ssibility that the pavement will reach critical conditions before this 
deflection level is reached . 
The majority of the deflection and performance data used to derive these 
relationships was collected on medium and heavily trafficked roads 
having carried between 1 and 20 million cumulative standard axles. The 
lack of relevant data for the more lightly (less than 1 million 
cumulative standard axles) and more heavily (greater than 20 million 
standard axles) trafficked roads meant that the deflection criteria 
curves had to be extrapolated to cover these areas of the charts. 
10 . 6 STEP THREE: DESIGNING AN OVERLAY TO STRENGTHEN A FLEXIBLE 
PAVEMENT 
The overlay design procedure is presented as a series of charts based 
upon information collected from the overlaid sections of the full-scale 
pavement design experiments. It is a far more comprehensive overlay 
design proc edure than that given in the first evaluation and 
(65) 
strengthening design procedure (LR571) again mainly as a consequence of 
the additional amount of data available from the overlaid pavement 
sections . 
The overlay design charts, ? i gure 10. 5, can be used to specify the 
thickness of hot rolled asphalt overlay required to strengthen a 
pavement of given deflection in order to achieve a desired extension 
of life , expressed in standard axles. In defining the thickness of 
overlay required, the charts take into account any remaining life in 
the original pavement. 
Different probabilities can be assigned to the extension of an existing 
pavement ' s life by overlaying. Two overlay design charts have been 
produced for each of the main road-base types corresponding to 0.50 and 
0.90 probabilities of achi eving the desired extension of life. 
The design charts are for overlays using rolled asphalt materials only . 
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Information on the performance of dense coated macadam overlays and 
open textured macadam overlays has allowed thickness factors to be 
estimated, Table 10.4). These thickness factors can be used to 
convert a thickness of rolled asphalt overlay, determined from the 
design charts, into an equivalent thickness of the relevant type of 
macadam to give the same extension of life. 
TABLE 10.4 
Overlay thicknesses for coated macadams in 
relation to the requirements for rolled asphalt 
(after Kennedy and Lister) (35 l 
Material Thickness factor 
Rolled asphalt 1 
Dense coated macadam containing 
100 pen or B54 binder 1 
Dense coated macadam containing 
200 pen or B50 binder 1.3 
Open-textured macadam 2 
10 . 7 SUMMARY OF THE INFORMATION REQUIRED TO USE THE FLEXIBLE PAVEMENT 
EVALUATION AND STRENGTHENING DESIGN METHOD 
10.7 .1 l1easurements 
(a) The deflection of the existing pavement measured either by the 
Deflection Beam or the Deflectograph. 
(b) The temperature of the pavement at a depth of 40 mm below 
road surface. 
10.7.2 Traffic 
(a) The cumulative number of standard axles carried by the existing 
road since construction, or since its last major structural 
maintenance. 
275 
{b) An estimate of the future traffic expected during the desired 
life or the overlay. 
10 . 7 .3 The Pavement 
Information to identify the type and condition of the pavement for the 
purpose of selecting the appropriate charts for 
(a) correcting measured deflections to standard values at 20° C; 
(b) estimating the remaining life of the pavement; 
(c) designing ~~~ overlay 
10.7.4 The Subgrade 
(a) A broad classification of subgrade strength to determine whether 
it lies in the range of CBR values between 2 . 5 and 15 per cent. 
(b) Information regarding cut and fill and other factors relevant to 
the drainage conditions under and near the road. 
10.7.4 The Overlay 
The type of material to be used. 
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11 VALIDATION OF THE FLEXIBLE PAVEMENT EVALUATION AND STRENGTHENING 
DESIGN METHOD FOR USE ON LIGHTLY TRAFFICKED ROADS 
11 . 1 INTRODUCTION 
The existing flexible pavement evaluation and strengthening design 
method, developed by the Transport and Road Research Laboratory, (35) 
is based upon deflection and performance relationships built up over 
a number of years from investigations into the behaviour of full-scale 
pavement design experiments . These experimental sections were of 
various construction thicknesses appropriate to heavy, medium and 
lightly trafficked roads and were generally incorporated into 
realignments of existing heavily trafficked roads. Full deflection 
histories were established for the deeper construction thicknesses 
associated with heavily and medium trafficked roads. 
However, little deflection and performance data was collected from the 
thinner construction thicknesses, associated with the more lightly 
trafficked roads, because these tended to fail rapidly due to the 
accelerated rate of traffic loading. 
Much of the data that was collected from these sections of thinner 
construction was omitted from the deflection and performance charts 
given in LR833 because of the possibility that the rapid rate of 
deterioration of these sections made it difficult to relate specific 
deflection levels with pavement condition. It was thought unlikely 
that the results would represent a true reflection of the performance 
of these construction thicknesses under normal traffic loading . 
This lack of data on the behaviour of lightly trafficked roads meant 
that the deflection and performance relationships presented in the 
( 35) 
charts in LR833 had to be extrapolated to accommodate these roads. 
In an effort to determine more information about the behaviour of 
lightly trafficked roads, a contract was awarded to the Department 
of Civil Engineering at Plymouth Polytechnic by the Transport and 
Road Research Laboratory to investigate the behaviour of these roads 
over a three-year period. 
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11.1.1 The Aim of the Work and the Methodology adopted 
One of the aims of this work was to develop relationships between 
deflection and performance for lightly trafficked roads and validate the 
position of the critical condition curves presented in the deflection 
(35) 
and life charts in LR833. 
The time scale of the project meant that it was impossible to develop 
full deflection histories for each of the test sites. Instead a new 
methodology was derived to express the deflection and performance 
relationships for each particular site as a slice in time from their 
complete deflection histories. 
This approach involved defining 
(i) the range of deflections corresponding to pavements 
visually classified as being in a SOUND, CRITICAL and 
FAILED condition. 
(ii) the slice in time in the total history of the pavement in 
terms of the cumulative number of standard axles carried 
by each site since construction or last major strengthening 
or reconstruction. 
Providing that a range of traffic levels existed for the lightly 
trafficked test sites , an estimate of the position of the critical 
condition curve could be made from the relative positions of the 
critical deflection range for each slice in time . 
11 . 1.2 Selecting suitable sites and determining road-base types and 
bituminous layer thicknesses 
To determine empirical relationships between deflection and performance 
for lightly trafficked roads it was first necessary to select lengths 
of existing road as possible suitable test sites and, for each site, 
determine the road-base types and the thickness of the bituminous 
layer. 
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11.1.2 . 1 Selecting Sites 
The project did not have the resources , nor the time, to construct and 
monitor the behaviour of full-scale experimental pavement sections and, 
for these reasons, studies of lightly trafficked roads were undertaken 
on lengths of existing road which had been in service for many years. 
For the purpose of selecting suitable lengths of road, in Devon and 
Somerset, a lightly trafficked road was defined as not having carried 
more than one million cumulative standard axles since construction or 
last major reconstruction or strengthening. 
11 . 1.2.2 Establishing Road-base Type 
The work previously undertaken on the full-scale experimental pavement 
sections had shown that different deflection and performance relation-
ships exist for the main road-base types . It was therefore necessary 
to determine the type of road-base present at each test site . 
Investigations proved that few, if any, records of pavement thicknesses 
exist for the lightly trafficked test sections because, in general, they 
had not been des igned but had been adapted to suit changing needs by a 
succession of strengthening measures . An alternative approach was 
therefore required for determining the type of road-base present at each 
site. The method adopted involved the extraction of 150 mm diameter 
cores at about 500 m intervals and the examining of both hole and core 
to establish the relevant information. 
11.1 . 2 . 3 Establishing Bituminous Layer Thickness 
A knowledge of the thickness of the bituminous layer was also required 
in order that the appropriate relationship between deflection and 
temperature could be selected for standardising the deflection 
measurements to equivalent values at 20°C. · The thickness of the 
bituminous material was measured directly from the extracted cores. 
11. 1.3 Relating deflection to the condition of the pavement 's surface 
The slice in time approach requires that the deflection levels 
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corresponding to each of the three pavement condition classifications, 
be determined. It was therefore necessary to measure both the 
deflection and the visual condition of the pavement's surface. 
1L1.3.1 Pavement Strength 
Deflection surveys were undertaken on each site every Spring and Autumn 
for the duration of the project. These periods were preferred because 
experience from the full-scale design experiments indicated that during 
these times the yearly variation in subgrade moisture conditions and 
hence subgrade stiffness was small and relatively steady equilibrium 
deflection values could be expected to be obtained. 
The measurement of deflection was made mainly with a Deflectograph and 
supplementary measurements were made with a Deflection Beam. Use of 
the Deflectograph has highlighted a number of potential operating 
problems on lightly trafficked roads and these are discussed in 
Section 7.5 
To date about 200,000 individual deflection measurements have been 
recorded along a total of 400 kilometres of lightly trafficked roads . 
In general, the procedures recommended for the use of these two pieces 
(26) 
of equipment in LR835 were adopted. 
It was necessary to standardise the raw Deflectograph deflection 
measurements into equivalent Deflection Beam deflections and then 
temperature correct these values to equivalent deflections at 20°C 
to ensure that all deflectionmeasurementswere in a similar format to 
that used to define the deflection and performance relationships 
presented in the charts in LR833.( ) S) 
Standardisation was achieved using either 
(i) the DEFLEC suite of computer programs; 
(ii) a computer program specifically written for use with a PET 
(iii) 
micro-computer; 
(35 ) 
the charts in LR833 . 
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11.1.3.2 Visual Condition 
The visual condition of the pavement ' s surface was also assessed at the 
time of each Deflectograph survey in terms of the permanent deformation 
and cracking in the wheelpaths . The total length of each test site was 
then classified as being in a SOUND, CRITICAL or FAILED condition using 
the recommendations and code system given in TABLE 2 of LR833.< 35 ) 
11.1.3.3 Matching Deflection and Condition 
The da flection measurements were used in conjunction with the visual 
condition data to determine the deflection ranges for each of the 
three pavement condition classifications . Obtaining the required 
accuracy of match between deflection and condition proved to be an 
important part and controlling aspect of these investigations. 
11.1.4 Estimating the Traffic Carried by each Test Site 
The slice in time is defined by the traffic carried by each test site 
and is expressed in terms of the cumulative number of standard axles. 
To define a vol ume of traffic in this way information is required on 
the present yearly flow of commercial vehicles, estimated growth rates , 
and the number of standard axles per commercial vehicle . Estimates of 
yearly flow were based upon data collected from traffic counts and the 
number of standard axles per commercial vehicle was calculated from 
axle weights measured with portable weighbridge equipment . Use of the 
portable weighbridge has demonstrated large differences between the 
calculated standard axle factor and the average national figures. 
A method of estimating damage factors using the portable weighbridge 
equipment is proposed, taking into account the number and types of 
vehicle in each classification in the total commercial traffic flow. 
11 . 1 . 5 Developing relationships between deflection and performance and 
validating the position of the critical condition curves for pavements 
with granular non-cementing and bituminous road-bases. 
Using the deflection and pavement condition measurements accumulated 
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during this project a basic relationship has been developed between 
deflection and the condition of the pavement's surface for the lightly 
trafficked roads with granular non-cementing and bituminous road-bases. 
The slice in time approach was used to compare these relationships with 
those published by TRRL with particular emphasis on the validation of 
the position of the critical condition curves. 
The relationships derived from the experimental data suggest that the 
behaviour of lightly trafficked roads with granular non-cementing and 
bituminous road-bases is similar to that presented in the charts in ( 35) 
LR833. 
(35) 
This work has added confidence to the use of the LR833 method for 
evaluating the remaining life and designing strengthening measures for 
lightly trafficked roads . 
11. 2 THE 'SLICE IN TIME' METHODOLOGY 
In 1978 a rational maintenance design method for flexible pavements 
was published , based on the measurement of the maximum transient 
deflection , to define structural condition of the pavement~35 )This 
maintenance design method made use of relationships determined from 
full - scale pavement design experiments located on sections of existing 
medium and heavily trafficked roads. 
Little or no data existed prior to the start of this project on the 
behaviour of lightly trafficked roads. 
The study of the behaviour of flexible pavements has in the past been 
concerned with the construction of full - scale design experiments and 
the monitoring of their behaviour over a substantial period of time, 
to produce a full deflection history. A deflection history of a 
pavement relates the deflection to the life of the road (in terms of 
the cumulative amount of traffic carried) and the condition, as 
determined principally by the permanent deformation and extent of 
cracking in the wheelpaths. By combining individual deflection 
histories for a number of roads it was possible to define the position 
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of the deflection trend lines and the critical condition curve 
(Figure 11. 1) . 
Deflection 
Cumulative Traffic 
Figure 11.1 Deflection History 
Twenty years is generally regarded as the design life of a new road . 
This project provided for only a three year study of lightly trafficked 
roads, thus requiring a different approach. 
It was found necessary to develop a new methodology for the study of 
the behaviour of lightly trafficked roads. The method adopted was to 
consider the deflection and performance relationship, for each 
particular road, as a slice in time from their complete deflection 
histories. (Figure 11. 2) . 
The slice in time was identified as the cumulative number of standard 
axles carried by each test site since construction or last major 
strengthening or reconstruction. The deflection levels associated with 
each of the three pavement condition classifications (Table 11.6)were 
determined for each slice i n time by comparing the deflection 
measurements with the visual condition survey data. 
The combination of this information provides a vertical ordinate on 
the deflection performance chart identifying the deflection level 
corresponding to critical conditions . 
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Figure 11.2 Slice in Time Approach 
A range of traffic levels existed for the lightly trafficked test sites 
and by plotting on the deflection performance chart a vertical ordinate 
for each, it was possible to identify the position of the critical 
condition curve. 
11.3 SITE SELECTION 
11.3.1 Introduction 
Investigations into the performance of lightly trafficked roads were 
conducted on lengths of existing road which had been in service for 
many years. 
This approach was adopted because the project did not have the resources 
nor the time to construct full-scale experimental pavement sections. 
Selection of suitable sites was based primarily on commercial traffic 
flows; a lightly trafficked road was defined as one having a traffic 
flow that would not produce more than about one million cumulative 
standard axles in a 10 to 15 year maintenance free period. 
Having selected suitable lengths of road on a traffic basis , a 
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secondary selection was made taking the following factors into 
consideration: 
(i) The term 'lightly trafficked ' could apply to roads in any 
of the three main road classifications, A class, B class 
\ 7~) 
and unclassified, and it was therefore necessary to 
include a proportion of each as test lengths . It was also 
felt that this criterion would ensure the selection of 
roads covering a wide range of construction thicknesses . 
It has to be remembered that lightly trafficked did not 
necessarily mean the pavement construction was thin. 
(ii) The Devon sites were to be within easy reach of Plymouth 
(iii) 
to reduce the amount of travelling time and so maximise 
the time spent on site. 
To select the lengths of road on as many different types 
of subgrade as possible, to ensure that any derived 
relationships were applicable to thewidest range of sub-
grade strengths. Different soil types were also a 
requirement of an associated investigation into the 
effect of subgrade moisture on deflection measurements. 
11. 3.2 Initial Site Selection 
A preliminary list of roads that had carried less than one million 
cumulative standard axles was drawn up by both Somerset and Devon 
County Councils. All of the roads on these lists were investigated 
in detail ; many were discounted because they proved to be either 
too lightly trafficked or an equivalent site was located closer to 
Plymouth . 
Table 11.1 details the sites initially selected from the preliminary 
lists and all comply with the traffic criterion and factors previously 
s tated. 
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INITIAL SITES SURVEYED IN DEVON AND SOMERSET 1978 & 1979 
DEVON 
A381 
A379 
B3210 
B3218 
B3207 
Unclassified 
Unclassified 
Unclassified 
A38 
SOMERSET 
A358 
A358 
A361 
Unclassified 
Table 11.1 
Newton Abbot to Kingsbridge, missing 
out Totnes. 
Modbury to Aveton Gifford. 
A379 Junction to Ugborough. 
Okehampton to Halwell. 
Halwell to Dartmouth. 
Lee Mill to Cadaver Bridge. 
Lee Moor to Plympton. 
Lee Moor to Wetter. 
South Brent, Ivybridge south-bound, 
Lee Mill northbound. 
Capland to Ashill Garage. 
Horton Cross to Donyatt . 
Greylake to Greylake Fosse. 
Meare to Ashcott Corner. 
The A38 is not a lightly trafficked road and was selected because, as 
one of the main trunk roads into the South West, it carries a large 
number of commercial vehicles per day thus putting it into the same 
classification as many of the roads from which the data expressed in 
(35) 
the charts in LR833 was gathered. The results from the A38 would be 
plotted on the existing charts showing the deflection and performance 
relationships as a check on the compatibility of the deflection levels 
record ltc\ during this project . This was important when trying to use 
such data to define the position of the c.,(;,,''(: ..:.c...w._ curves at the lower 
traffic levels . 
11.3.3 Soil Types and Strengths 
The subgrade information used to select ~ese sites was determined 
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from a combination of geology maps of the local area and laboratory 
analysis of hand excavated material. Table 11.2 gives general soil 
types and strengths for a selection of sites. 
TEST SITE 
A379 
Modbury to 
Aveton Gifford 
A38 1 
Totnes to 
Halwell 
B32 10 
Ermington 
B3218 
Okehampton 
Unclassified 
Cornwood to 
Cadover Bridge 
Unclassified 
Lee Moor to 
Plympton 
Unclassified 
Meare to 
Ashcott Corner 
SUBGRADE TYPES C.B.R. 
Decomposed slates and shales with sandy 
clay layers. L.L. 30% P.I. 10% 2-3 
---------
silty clays . L.L. 40% P.I. 20% 2-3 
Slates and shales with sandy silt 
layers. 10-15 
Very low fines. Non Plastic. 
Decomp6sed slates with silty sand and 
clay layers. L . L. 48% P . I. 8% 
Sandy clay. L.L. 48% P.I. 27% 
Heavy clays. L.L. 67% P.I. 35% 
Decomposed I kaolonised granite and 
sandy gravel with organic silts and 
clays. L.L. 39% P.I. 15% 
Well graded sandy river gravels with 
organic silts. 
Generally as for Cornwood, but with 
some areas of slates and shales with 
organic silts. L.L. 50% P . I. 15% 
Peat. L.L. 400% 
> 15 
5 
4 
10- 15 
8 
<2 
Table 11.2 General Subgrade Types on Test Sections. 
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11.3.4 Site Re-Selection 
The sites shown in Table 11.1 represent a total length of about 
100 km ; a length surveyed with the Deflectograph in Autumn 1978 and 
Spring 1979. 
The total length of lightly trafficked road surveyed was reduced 
at the end of 1979 because analysis of the data showed that the 
performance of several sections along a particular road was similar. 
No benefit would be gained from such duplication of results. 
The sites shown in Table 11. 3 were retained because of their 
particular interest or because they were within easy reach of 
Plymouth. 
REVISED SITES SURVEYED IN DEVON AND SOMERSET 1980 & 1981 
DEVON 
SITE 1 A381 Totnes to Halwell 
SITE 2 A379 Modbury to Aveton Gifford 
SITE 3 B3210 A379 Junction to Ugborough 
SITE 4 B3218 Okehampton to Halwell 
SITE 5 Unclassified - Corn wood to Cadaver Bridge 
SITE 6 Unclassified - Lee Moor to Plympton 
SITE 7 A38 South Brent, Ivybridge south-bound 
carriageway, Lee Mill north-bound 
carriageway . 
SOMERSET 
SITE 8 Unclassified - Meare to Ashcott Corner 
Table 11.3 
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11.3.5 Sites considered in detail 
The six lightly trafficked test sites in Devon comprise of two A class 
roads, two B class roads and two unclassified roads. For analysis 
purposes these six test sites were divided into two groups containing 
a test site from each of the three road classifications ; the idea being 
that the two research assistants working with the data were responsible 
for the analysis of half of the information collected. The results 
from the two analyses would be combined to show the deflection and 
performance relationships derived for all of the lightly trafficked 
test sites. 
The test sites considered in detail in this report are shown in 
Table 11.4. 
SITE ROAD SECTION LOCATION ROAD BASE 
TYPE 
Site 1 A381 Section lA Totnes Hill Ch. BITS 
0.00 - 1.25 GNCA 
Site 1 A381 Section lD Halwell to River Wash 
Bridge Ch . 9.25 - 7 . 33 GNCA 
Site 4 B3218 Section 4A Ashbury Junction to ' x' 
Roads Ch . 0.00 - 2.60 GNCA 
Site 5 Unclassified Section SA Corn wood to the Quarry 
Ch . 0.00 - 1.615 GNCA 
Site 5 Unclassified Secti on SB Tolchmoor Gate to 
Cadover Bridge 
Ch . 3.00 - 7 . 00 GNCA 
Table 11.4 
11 . 4 PAVEMENT CONSTRUCTION 
11.4 .1 Introduction 
Investigations by TRRL into the behaviour of full-scale experimental 
(35) 
pavement sections has shown that different deflection and 
performance relationships exist for the main types of road- base and 
that different deflection and temperature relationships exist for 
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various thicknesses of bituminous material . 
It was therefore necessary to identify:-
(i) the road-base type for each site to ensure that the relationships 
between deflection and performance, developed as a result of this 
work , would be related to the existing data for the correct road-
base type . 
(ii) the variation in the thickness of the bitu~inous layer to allow 
the appropriate relationship betwen deflection and temperature 
to be used to standardise the deflection measurements . 
11. 4.2 Establishing Pavement Construction Data 
The majority of the test sites are lengths of road which were not 
designed to carry a specific amount of traffic. They are mostly old 
roads which have , over the years, been improved by a series of 
strengthening measures to increase their load carrying capacity to 
somewhere nearthatrequired by modern commercial vehicles. Neither 
drawings showing pavement construction thickness, nor design 
specifications, were available to give details of material types and 
thicknesses and consequently an alternative means of obtaining this 
information was required . 
The method adopted was the extraction of 150 mm diameter cores at pre-
determined intervals along the length of each site using initially an 
Atlas Copco Minuteman Drilling Rig and a 300 mm long core barrel. 
Adequate lubrication to the cutting edge was achieved using a pump 
drawing water either from a nearby stream or from a water b owser. On 
average four or five cores were removed from each test length at about 
500 m intervals, depending upon the depth of penetration and 
availability of water. It was found that a great deal of time was 
spent both positioning and removing the road signs necessary to warn 
approaching traffic of the obstruction caused by the vehicles and 
drilling equipment . 
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On removal from the road the cores were measured and clearly labelled 
identifying the site and the chainage from which they came. The hole 
was also inspected to identify the type of road- base material present 
and to especially check for any evidence of cement-bound material . 
This was a more reliable check because it was not always possible to 
identify cement- bound mater ial from the removed core because it can be 
reduced to give the appearance of a granular material by the action 
of the core barrel . The holes were backfilled with a bitumen macadam 
containing a retarding agent, to slow down the setting process until 
the material was compacted. Subsequent removal of cores was undertaken 
with a drilling rig specifically designed by the Department 
of Civil Engineering and built by the Technicians within the Department. 
For the particular requirement of extracting bitumen cores, this 
dril ling rig had two distinct advantages over the Minuteman. 
Firstly , it required less water to lubricate the cutting edge, 
resulting in more cores being extracted with a given volume of water 
providing an overall saving in time because locating a water source, 
once on site, and filling the storage tanks were time- consuming 
operations. Secondly, the drilling rig and ancillary equipment were 
considerably lighter requiring less personnel to undertake the coring 
programme. 
11.4 . 3 Defining Road- base Type 
There was a need to identify the types of road-base material present 
at each site because of the different deflection and performance 
relationships shown to exist(3S)for the main types of road-base . The 
criteria stated in LR833(3S)and expressed as Figure 11. 3 in this report 
was used for this purpose. 
11 . 4 . 4 Defining the thickness of Bituminous Layer 
Information was required on the change of thickness of the bituminous 
layer along the length of each test site , to ensure that the correct 
temperature correction chart was selected . 
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Use chart for More than 100 mm of 
sound cement-bound 
material present 
r---~Y_E_s ____ ~,~------------------, cement bound 
' road-base 
Cumul ati ve total of 
bituminous material 
present greater than 
150 mm 
'I NO 
YES~ 
, 
Deduct thicknesses 
of striped mat erial 
Deduct thickness of 
surface dressing 
layers unless more 
than 2 5 mm thick 
Is cumulative thickness 
L of bituminous material ~--------------~ ~ still greater than 
CUmulative total of 
granular road- base 
whose aggregate is 
naturally cementing 
is greater than 
150 mm 
V No 
150 mm 
YES "" 
r 
Use chart for 
bitumen bound 
1 l!'ES road-base 
Use char t for 
granular road-
base with 
natural cementing 
action 
Use chart for 
granular road-
base without 
cementing acti on 
Figure 11.3 Selection of the Appropriate Deflection Performance Chart 
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The effect of temperature on the measured value of deflection is 
dependent upon the proportion of the pavement ' s stiffness that is 
derived from t he bituminous materials . The greater the thickness of 
b ituminous material present the greater the effect of temperature on 
the measured deflection value. 
Broadly linear relationships between deflection and pavement 
temperature have been established for the wide range of pavement types 
built on subgrades within the C.B .R. strength limit of 2 . 5 to 15 per 
cent . Temperature correcti ~n charts have been developed for the 
adjustment of deflections , measured within the working range of 10°C 
to 30 °C, to equivalent values at the standard temperature of 20°C . 
The variation in bituminous layer thickness along each site was 
determined d i rectly from the extracted cores and is given in Table 11 . 5. 
11. 5 THE USE OF THE DEFLECTOGRAPH ON LIGHTLY TRAFFICKED ROADS 
11.5.1 Introduction 
A Deflectograph on loan from TRRL was used to measure the maximum 
deflection and curvature of the pavement ' s surface on all of the lightly 
trafficked test sites in Devon and Somerset. 
Maximum deflection was recorded in the usual manner and additional 
digital equipment allowed the curvature to be defined as a series of 
ordinate deflection readings. 
Original level of the pavement's surface 
Maximum 
Deflection 
1 2 3 4 56 7 
the pavement's 
surface 
Figure 11 . 4 Deflected shaped defined by the maximum deflection 
and ten ordinate deflections. 
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SITE lA - A381 - "!U:IWES '1'0 1mLWELL 
Core Position Depth of bituminous 
(metres) bound material 
(millimetres) 
500 140 
1240 180 
1750 180 
2156 265 
2500 120 
2991 310 
6500 125 
7250 225 
7725 100 
8397 200 
8872 200 
SITE lB - A381 - HALWELL '1'0 RIVER WASH BRIDGE 
Core Position Depth of bituminous 
(metres) bound material 
(millimetres) 
8365 200 
7996 130 
SITE 2 - A379 - l«lDBURY '1'0 AVE'l'ON GIFFORD 
Core Position Depth of bituminous 
(metres) bound material 
(millimetres) 
250 135 
375 120 
500 120 
650 120 
700 120 
1250 220 
2750 225 
3250 110 
3750 110 
SITE 3 - B3210 - A379 JUNCTION TO UGBOROUGB 
Core Position Depth of bituminous 
(metres) bound material 
(millimetres) 
360 150 
1250 170 
1900 180 
2150 160 
2750 120 
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SITE 4 - B3218 - OKEHAMPTON TO HALWELL 
Core Position Depth of bituminous 
(metres) bound material 
(millimetres) 
0 140 
7SO 180 
1700 140 
3000 190 
SITE SA - UNCLASSIFIED - CORNWOOD TO TB.E QUARRY 
Core Position Depth of bituminous 
(metres) bound material 
(millimetres) 
22 100 
260 115 
380 100 
SlS 13S 
907 170 
117S 210 
1374 160 
1450 120 
SITE SB - UNCLASSIFIED - TOLCHMOOR GATE TO CADOVER BRIDGE 
Core Position Depth of bituminous 
(metres) bound material 
(millimetres) 
327S so 
3680 so 
4020 40 
4S10 so 
5000 160 
S4S6 160 
6438 85 
SITE 6 - UNCLASSIFIED - LEE MOOR TO PLYMPTON 
Core Position Depth of bituminous 
(metres) bound material 
(millimetres) 
170 160 
1214 110 
2300 110 
2997 120 
3514 140 
4107 1SS 
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Deflectograph surveys were undertaken every Spring and Autumn, from 
October 1978 to April 1981, with the machine active for an average of 
eight hours per day covering in that time a distance of between ten and 
sixteen kilometres. 
Permission to conduct these surveys was sought from the relevant County 
Councils and details were circulated to the Divisional Surveyors and 
local Police prior to each survey. 
Five Deflectograph surveys have been completed representing about 200 , 000 
individual deflection measurements recorded on a total of 400 kilometres 
of lightly trafficked road. 
11.5.2 Problems associated with operating the Deflectograph on Lightly 
Trafficked Roads 
Initially the recommended procedures for the operation of a Deflecto-
(26) 
graph, as stated in LR835, ' were adopted. However, the use of the 
Deflectograph on lightly trafficked roads immediately highlighted a 
number of potential operating problems. 
Sight distances at brows of hills and on sharp bends and the difficulty 
of providing traffic control on narrow sections of the carriageway 
were important from a safety aspect. 
These problems were overcome using a modified operating procedure 
involving two men controlling the traffic with stop/go boards . One 
man controlled the oncoming traffic from about 50 metres in front of 
the Deflectograph and a second man controlled the following traffic 
from about 20 metres behind the machine . This system of traffic 
control was operated on all five Deflectograph surveys and worked 
extremely well in each case . 
Distance measurement is normally recorded with sufficient accuracy 
using a fifth wheel fitted at the rear of the vehicle. However , 
under extreme conditions of camber and rutting on the lightly 
trafficked roads, the fifth wheel on occasions either completely lost 
contact with the road surface or slewed as a result of the reduction 
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in the available contac t pressure. Both eventualities resulted in 
an under-recording of the distance travelled. 
At times distance was over-recorded due to the wander of the machine 
as a consequence of an insufficiently defined nearside wheelpath. 
Under and over-recording of distance by the fifth wheel made it 
extremely difficult to locate the exact position of the individual 
deflection readings, especially on sections with few features 
capable of being used for location purposes. 
Subsequent sections will show that the identification of each point of 
deflection measurement was shown to be essential to allow deflection to 
be related to the pavement condition at the exact point of measurement . 
Failure to accurately define the positions of the deflection measure-
ments often resulted in a mismatch between deflection and visual 
condition because of the effect on the deflection measurements of the 
rapid changes in strength both across and along these lightly trafficked 
road sections. 
Similar accuracy was not thought necessary for Deflectograph surveys 
associated with routine maintenance . Identification of the position 
of each deflection measurement was aided by painting chainage marks at 
250 m intervals and entering these marks as events on the deflection 
profile in the normal manner. 
11 . 6 PROCESSING THE DEFLECTION DATA 
11 . 6 .1 Introduction 
A vast amount of deflection data was obtained with the Deflectograph 
from five separate fourteen day surveys of the test sites in Devon 
and Somerset, amounting to about 200,000 individual deflection 
readings. The deflection data was output from the Deflectograph in 
three forms: paper tap e from the tape punch, influe nce lines from the 
chart rec order, and tabulations from the line p rinter. In order to 
take into account the e ffect of equipment type and pavement 
temperature on the mea sure d v a l u e of deflection,it wa s n e c e s s ary 
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initially, to standardise it to equivalent Deflection Beam deflections 
temperature correct to 20°C . 
Standardisation was usually achieved by inputing the paper tapes for 
each site directly into the mainframe computer at the Polytechnic and 
processing them using the DEFLEC suite of computer programmes. The 
DEFLEC system allows large amounts of deflection data to be processed 
quickly in accordance with the method outlined in LR833. (35) 
Smaller amounts of raw Deflectograph deflection measurements collected 
on lengths of particular interest were standardised to equivalent 
Deflection Beam deflections and temperature corrected using a BASIC 
computer programme written for use with a PET desk top computer. (66 ) 
This particular method allowed individual deflection readings to be 
processed in accordance with the method outlined in LR833.(35) 
An alternative method used to correct individual raw Deflectograph 
deflection readings,prior to the development of the BASIC computer 
programme , was the manual use of the appropriate charts given in 
LRB3i35 )This method of correction was slow in comparison with the use 
of the DEFLEC programme and PET desk top computer. 
The graphical output from the chart recorder on board the Deflectograph 
was not normally used for correction purposes because the information 
was also available in more convenient forms: paper tape and line 
printer tabulation. 
This graphical deflection measurement information was, however, often 
used to determine the validity of particular deflection values during 
correction using data from either paper tape or the line printer . 
11. 6 .2 Use of the Mainframe Computer 
The source programmes for the DEFLEC system, appropriate to the methods 
(35) 
given in LR833, were obtained half way through the project from the 
Transport and Road Research Laboratory and were successfully amended for 
use on the Prime Dual 550 computer system at the Polytechnic. In fact 
this was the second DEFLEC system to be amended and used on the 
Polytechnic computer. The first system was available at the start of 
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this project and allowed processing of the deflection data to the 
previous strengthening design method outlined in LR571~65 ) 
A large amount of deflection data was processed using this initial 
DEFLEC system because of the need to use the deflection data to make 
decisions earl y in the project concerning site selection and the 
subsequent reduction in the total length of road surveyed. 
(65} 
Deflection data processed to the method outlined in LR571 has also 
been re-processed using the more detailed method given in LR833. 
The DEFLEC system now in use is a suite of computer programmes 
designed to process measurements of transient deflection according to 
the methods outlined in LR833~35~e programmes are written in FORTRAN 
and are suitable for running on most Mainframe and Minicomputer 
installations. 
The DEFLEC system will accept data produced by either of the two 
recording systems in current use in the United Kingdom. 
The DEFLEC system is divided into three stages: 
Input stage - --TIDY ---TIN 
Editing stage ---EDIT ---EIN 
OUtput stage -- DISPLAY DIN 
1.1. 6. 2 . 1 Input Stage 
All deflection data produced on paper tape is input to the system 
through the input stage using progamme TIDY. The functions performed 
by this programme are vetting, filing and listing the data. 
11.6 . 2 . 2 Editing Stage 
This stage involves programme EDIT and provides the user with the 
fac ility for editing the deflection data and for input of information 
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describing the construction, condition, traffic, past and future life, 
overlay thicknesses, life probabilities and wheel loadings for each 
site surveyed. Control data (EIN) is used to define the form of output 
from both the editing and output stages. 
The traffic data is processed and threshold maximum deflection levels 
determined for the future required pavement life. These levels are 
determined for the existing and overlaid pavement. 
The input and processed data is merged together with the deflection 
data in order that it may be listed during the output stage. 
11.6.2.3 OUtput Stage 
Programme DISPLAY is used to process the deflection data from each 
wheelpath with corrections made for non-standard wheel loadings, for 
differences between the Deflectograph and the Deflection Beam and for 
surface temperature. 
The resulting values are output as deflection profiles. 
TWo types of output can be produced. The output may show two 
deflection profiles for both wheelpaths, or a single profile of the 
maximum deflection taken from both wheelpaths . In the latter case the 
residual pavement life corresponding to each deflection value is output 
also. The residual life is shown t o the near e st whole year except when 
the pavement has exceeded the critical condition in which case a value of 
-99 is shown. 
The deflection values shown on the profiles may consist of individual 
measurements as described above or means of three consecutive readings, 
or means of all readings occurring within a 10 m length of the pavement . 
In the case of the maximum deflection output meaning may be between 
measurements which are not in the same wheel track. 
11.6.3 Use of the Minicomputer 
A Basic computer programme capable of processing individual deflection 
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measurements in accordance with the method given in LR833(35has been 
developed within the Department of Civil Engineering for use on a PET 
(66) desk top computer. 
The programme can be used to predict the residual life and recommend 
possible overlay thicknesses based on an individual characteristic 
deflection value for a particular length of road. It can also be 
used for a sensitivity analysis to rapidly determine the effect on a 
particular strengthening recommendation of a change in one or other 
of the input parameters, i.e., higher or lower characteristic 
deflection level, error in traffic estimation, error in pavement 
temperature, etc. 
11.7 VISUAL CONDITION SURVEYS 
The visual condition of the pavement's surface, in terms of the amount 
of rutting and cracking in the wheelpaths,was recorded at the time of 
each Deflectograph survey. Interpretation of this L1formation, in 
terms of the recommendations given in Table 11 . 6 LR 833(3S) · llowed the 
total length of each test site to be classified as being in a SOUND, 
CRITICAL or FAILED condition. 
Combining this information with the measured deflections resulted in 
the definition of typical deflection levels associated with lightly 
trafficked pavement sections in a SOUND, CRITICAL or FAILED condition. 
11.7 . 1 The procedure adopted 
Two people were required to undertake a visual condition survey of the 
pavement's surface. One person would walk the length of each test 
site with a distance measuring device recording the size of any rutting 
under a two metre straightedge laid transversely across the carriageway 
and the extent of any cracking. A second person would follow behind 
the first driving a car with a flashing beacon and hazard warning lights 
switched on to give notice to on-coming vehicles of the possible danger. 
Visual condition information was recorded for both nearside and offside 
wheelpaths, and for routine condition surveys was assessed in 10 m 
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CLASSIFICATION CODE 
SOUND 1 
.2 
CRITICAL 3 
4 
FAILED 5 
6 
7 
8 
VISIBLE EVIDENCE 
No Cracking, 
straight - edge 
No Crack ing . 
9 nun. 
No Cracking. 
19 mm. 
Rutting under a 2 m 
less than 5 mm. 
Rutting from 5 m to 
Rutting from 10 mm to 
Cracking confined to a single crack 
or extending over less than half of 
the width of the wheel path. 
Rutting 19 mm or less. 
Interconnected multiple cracking 
extending over the greater part of 
the width of the wheel path. 
Rutting 19 mm or less. 
No Cracking. Rutting 20 mm or 
greater. 
Cracking confined to a single crack 
or extending over less than half of 
the width of the wheel path. 
Rutting 20 mm or greater. 
Interconnected multiple cracking 
extending over the greater part of 
the width of the wheel path. 
Rutting 20 mm or greater. 
Table 11. 6 Classification of the condition of the road surface 
(after Kennedy and Lister)(JS) 
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lengths . Subsequent surveys on shorter lengths for which greater detail 
was required were undertaken at 5 or 1 m intervals. In total some 200 Km 
of road was surveyed at 10 m intervals and 10 Km at 5 m and 1 m intervals. 
11.7. 2 Condition Survey Sheets 
Figure 11.5shows the format of the sheets used to record the visual 
condition information. Each rectangle on the sheet represented a 
pavement length of either 10 m, 5 m, or 1 m, depending upon the detail 
required. 
The first row marked EVENT L and the o \ :x.\:\.., row marked EVENT R 
were used to record the position of the events identified during the 
Deflectograph survey. The events normally recorded were road junctions, 
telephone and post boxes, telegraph poles, signposts, etc. Chainage 
markers painted on the pavement's surface were also entered as events. 
The second row marked WT Crakg L and the ~'t~ row marked WT Crakg R 
were used to record the extent of any cracking in the nearside (L) and 
offside (R) wheelpaths. A single line was used to denote 
single cracks and double lines with smaller lines at right- angles to 
them =fl I I lil I j J were used to denote interconnected multiple cracking. 
The third row marked WT Rut L and the fourth row marked WT Rut R were 
used to record the size of any rutting in the nearside (L) and offside 
(R) wheelpaths. 
Typical records for a 10 and 1 m grid are shown in Figure . 11.5. 
11.7.3 Classification of pavement condition 
The information recorded on these sheets was used to classify the 
condition of each test site in accordance with the recommendations 
given in Table 11.6. 
The visual evidence relating to each classification given in this table 
was deduced from observations made of the development of permanent 
deformation (rutting) and cracking on the full-scale experimental 
pavement design sections monitored by TRRL (full details given in 
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w 
0 
0) 
EVENT L 
WTcrakq L 
WT Rut L 
~l' Rut R 
~T Craka R 
EVENT R 
Temp Hole 
0 100 
(a) 10 m grid 'l'ypical record 
EVENT L 
WT CrakgR 
W'l' Ru t T. 
WT Rut R 
WTCrakq R 
EVENT R 
Temp Ho le 
0 10 
(b ) 1 m grid Typi cal r ecord 
Figure 11 . 5 Conditi o n Survey Sheet 
G 9 
I I 
I I t 
11 ~ ? to 17 b r; 
200 300 400 500 
15 'O 7 3 
y I']_ tS 
20 30 40 50 
Chapter 9 of this report) . 
Each 10, 5 or 1 m length of each test site was classified as being 
in a SOUND , CRITICAL or FAILED condition. 
This pave me nt condition information was subsequently used in 
conjunctio n with the deflection data , measured by the Deflectograph, 
to determine the deflection levels associated with each of these three 
conditions. 
11 . 8 COMMERCIAL VEHICLE STUDIES 
11. 8 .1 Introduction 
The slice in time methodol ogy, for relating deflection and performance, 
r equires that the slice in time is identified in terms of the 
cumulative number of standard axles carried by the pavement since 
construction,or more appropriately for the undesigned r oads considered 
in this project since last major strengthening or reconstr uction. 
To express commercial traffic as a cumulative number of standard axles, 
information is required on the present yearly flow of commercial 
vehicl es and the number of standar d axles per commercial vehicle, the 
growth rate and change in standard axle factor with time. 
Estimates of the present yearly flow were made from the average number 
of commercial vehicles using each site daily; a figure determined 
either from existing data or from specific traffic counts . 
Details are given of the traffic c ounts undertaken and the findings are 
discussed in relation to published data . 
ve\...~~ 
The number o f standard axles per commercial vehicle or( damage fact o r 
was determined as the produc~ of t h e a verage number of a xles per 
commercial ~~,~~obtained f r om the traff i c count s , and the numbe~ of 
s t a ndard axl es , per commerc ial axle , derived from the axle weight data . 
Commercial ve hicle axle weights were measured using a portable weighing 
system and details of this equipment, its accuracy and use on the 
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experimental sites are presented. 
The measured axle and vehicle damage factors are compared with the 
values suggested by the published data as being applicable to the sites 
under consideration. 
A method of estimating damage factors is proposed, taking into account 
the number and types of vehicle in each classification . 
11.8.2 Commercial Vehicle Traffic Counts 
Commercial vehicles travelling in both directions were count ed for the 
duration of each one day axle weight survey, using the classifications 
shown in Figure 11.6 . The method adopted for these counts was based 
upon the recommendations suggested by TRRL for accurately estimating 
annual flows from short period counts~67) 
11 . 8.2 . 1 Twelve hour , five consecutive day traffic count 
In addition a twelve hour, five consecutive day traffic count was 
undertaken on the A379 Modbury to Aveton Gifford site on Monday , 12th 
(6 7) 
May, to Friday, 16th May 1980. May was the month suggested as giving 
the greatest accuracy for calculating a yearly flow from a five day 
count. The purpose of this extended count was to determine the daily 
flow of commercial vehicles in each direction over a continuous period 
and thus obtain an indication of the change in the dai ly estimation of 
the average number of axles per commercial vehicle . 
The results are shown in Table 11.7 and are presented as average 
numbers of axles per commercial vehicle. The figures in brackets are 
the numbers of commercial vehicles counted during the 12 hours. 
Comparison of the average daily values for both directions shows that 
they are virtually identical , which suggests that there is no great 
bias towards one particular type of vehicle travelling in either 
direction. This does not mean that the axle load spectra are the same 
for both directions, only that a similar number of axles passed in each 
direction. Directional variation in axle load cannot be readily 
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Oan Vrhicle 
No dnetiption 
0 Moprd, scooter 
motorcycle 
1 Car, light van, t.xi ~ 
2 light goods 
vrhide 
21 Car or light goods 
wrh icle • 1 axle 
c.arann or trailer 
2'2 Car or light goom 
vrhicle • 2 axle 
arav~n or trailer 
31 Rigid 2 axle heary 
goods vehicle 
32 Rigid 3 ule heary r...tt§ti:J 
goods vehicle ._,., 
33 Rigid 4 axle heavy 
goods vehicle 
34 Rigid 3 axle heavy ftliO 
goods vehicle 
35 Rigid 4axle heavy 9:!ti~JS!}? 
goods vehicle ~
41Rigid2axleHGV ~~ 
• 2ule drawbar 
trailer 
42 Rigid 2 axle HGV 
-+ 3 axle dr~wbar 
t11iler 
43 Rigid.3axle HGV 
-+ 2 axle dr~wbar 
trailer 
Ous Vehicle 
No dt'~cription 
45 Rigid 2 ule HGV 
• 1 axle caravan 
or trailer 
46 Rigid 'J axle HGV ~- _ 
•2axle 
(clmr coupled! tu1iler 
52 Anic, 2 axle trae1or ~~ 
• 2 axle ~mi-trailrr 
53 Anic, 3 axle traC1or 
• 1 axle umi-1railer 
54 Anic, 3 axle traC10f 
-+ 2 axle ~mi-trailer 
!55 Anic, 2 axle traC10f -~ 
-+ 3 axle .emi-trailer 
!56 Anic, 3 axle traC10f (I :fq;t~~ 
+ 3 axle ~mi ·trailer 
61 Bus Of coach, 2 axle 'lfi'#t'8l 
62 Bus or ~c:h. 3 axle ~ 
7 Vehicle with 7 
or more axles 
2N 2 axle vehicle not otherwise cl~sified 
3N 3 axle vehicle not otherwi~~e classified 
4N 4 axle vehicle not otherwise cl~uified 
!5N !5 axle vehicle not otherwi~~e clanifird 
44 Rigid 3 axle HGV r; 
-+ 3axle duwbar ~~~~ 
tsailer · 
6N 6 axle •ehicle no~ otherwise clanified 
F igure 11 . 6 TRRL Vehicle c l ass l i sting compat ibl e with EEC regul ation 
R11 08/70 
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DIRECTION MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY AVERAGE V.'EDNESDAY 
12 . 5 . 80 13.5.80 14.5.80 15 .5.80 16.5.80 DAILY 24.10.79 
TOWARDS 
Aveton 2.26 2.24 2.41 2.31 2.14 2.27 2.12 
Gifford (116) (ll5) (120) (105) (90) (109) (30) 
TOWARDS 
Mod bury 2.25 2 . 25 2.44 2.24 2.23 2.28 2.24 
(105) (llO) (121) (119) (98) (llO) (42) 
Table 11.7 Number of Axles per Commercial Vehicle for the Modbury to Aveton Gifford Site 
determined when comparing numbers of vehicles in each direction. It 
is of great importance because pavement damage is not related to 
vehicle numbers but axle load applications. 
The 12 hour commercial vehicle flows are not the same for each of the 
five days indicating the problem of choice of day on which to 
undertake a traffic count. 
The duration of the survey is also important and is reflected by the 
difference between the average daily 12 hour figure (2.27) and that for 
a 4 hour count on 24th October 1979 (2.12). The problem is that 
similar proportions of vehicles in each classification are not 
normally achieved with counts of different duration. Although this 
was thought to be the case for the difference stated, other factors, 
such as seasonal variation and the date difference , could also have 
played a part. 
11. 8 .2.2 Number of Axles per Commercial Vehicle 
The number of axles per commercial vehicle for each site is shown in 
Table 11.8 and was determined from seven hour traffic counts for all 
sites, apart from the figure for the Modbury site which was determined 
from the more accurately weekly count. 
Site Number of Axles per Commercial Vehicle 
A381 Harberton 2.19 
A379 Modbury 2 . 27 
B3210 Ermington 2 .56 
B3218 Okehampton 2.29 
Unclassified Corn wood 3 .00 
Unclassified Lee Moor 2 . 72 
A38 Plympton By-Pass 2 . 69 
Table 11. 8 Average number of Axles per Commercial Vehicle 
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The calculated average number of axles oer commercial vehicle for 
each site are shown in relation to t he estimated national ave rage 
(7) 
values in Figure 11.7. All of the sites considered, except 
the A38, have a daily flow in each direction which is considerably 
less than 250 commercial vehicles . The A38 has a daily flow in each 
direction of between 1000 and 2000 commercial vehicles. The large 
values,corresponding to the unclassified roads at Cornwood and 
Lee Moor, are due to the large proportion of multi-axle vehicles using 
the roads to the quarries. It is obvious that use could not be made 
of the appropriate national average factor to estimate the number of 
axles per commercial vehicle on these 'special' roads. 
Other roads which could , fall into this 'special' category are roads 
leading to and from industrial estates, oil refineries and ports~ 5 ,7 ) 
It is felt that the position shown for the Ermington site is abnormally 
high and shows the effect of several multi- axle vehicles on a single 
small traffic count. 
11 . 8 . 3 Portable Weighbridge Surveys 
11.8.3.1 Weighbridge Equipment 
A portable twin weighpad system was purchased from Trevor Deakin Ltd. 
of Bath, primarily to determine the axle load spectra for each site. 
The equipment is completely portable and consists of an axle weighing 
indicator unit and two aluminium alloy weighbridge platforms. The 
axle weighing indicator unit provides a digital read-out and contains 
its own power source which usually has enough power for 4 to 6 hours 
continuous work. Longer survey periods require that an external sourc~ 
such as a vehicle battery, be connected for subsequent work. 
The indicator unit has zero setting and sensitivity controls, a 
facility for electrical calibration of the weighpads and a battery 
voltage checking control. Each weighpad can be read individually 
giving nearside and offside wheel loads,or together to give the axle 
load. 
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Figure 11.7 The calculated number of axles per commercial vehic l e for each site superimposed on the estimated 
changes in number of axles per commercial vehicle for four traffic levels : 1945 to 2005 
(after Currer and O' Connor) (7) 
The weighpads are of hi gh strength aluminium alloy and consist of 
an upper and l ower platform which sandwich six load cells . Each 
platform measures 700 x 500 x 90 mm and weighs less than 45 kg . 
The six load cells are so placed to reduce adverse effects arising 
from eccentric loading of the platforms. Overloading or incorrect 
positioning of a vehicle's wheels on the platform will activate the 
overload switches, which in turn operate a lamp on the indicator unit 
so giving a warning. Each platform has a range of 0 - 10 , 000 kg and 
the digital indicator unit gives readings in increments of 10 kg for 
each platform to a total of 19 , 990 kg for both platforms . 
11.8 . 3 . 2 Use of the Equipment 
The weighbridge system can be used either with ramps or recessed in 
pits . The use of ramps was adopted in this study to allow the system 
to be taken to any lay- by or length of supers eded road on the test sites. 
Wooden ramps and dummy platforms were constructed to ensure that the 
vehicle being weighed was as near as possible on the one horizontal 
plane . Figure 11.8shows the position of the weighbridge in relation to 
the ramps and dummy platforms. 
The main criticism of the portable weighbridge equipment is that the 
internal power source is only sufficient for about 4 hours continuous 
operation. A vehicle batt ery normally had to be connected to the 
system to finish a survey. 
Precipitation during a number of the surveys meant that on occasions 
the weighbri dge was operated i n damp condition s . The main problem 
associated with the operation under these conditions was vehicle 
wheels slipping on the wet wooden dummy pads and ramps . Slipping of 
the wheels was effectively controlled by spreading sand on the wooden 
dummy pads and ramps to increase the available frictional resistance. 
11. 8 . 3 .3 Accuracy of Portable Equipment 
The accuracy of two identical weighbridge systems (system A and system B) 
was achieved by compari ng gross vehicle weights obtained using such 
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Figure 11.8 Axle Weighbridge with Ramps and Dummy Platforms . 
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systems with the results from three different public weighbridges. 
The procedure adopted in all cases was to measure the weight of each 
commercial vehicle with the portable weighbridge immediat ely after it 
had been weighed on the public weighbridge . The results obtained 
with system A for two-axle rigid commercial vehicles are presented in 
Tables 11 . 9 and 11 .10, and those obtained with system B, also for two- axle 
rigid commercial vehicles, are presented in Table 11 . 11. 
Percentage differences in gross vehicle weight are given in these 
tables; a positive sign indicates an overestimate by the portable 
equipment and a negative sign indicates an underestimate . 
Analysis of the results given i n Tables 11. 9 and 11.10 sugges ts that 
system A generally overestimates the gross vehicle weight by an 
average of 2 per cent. 
Analysis of the results given in Table 11 .11 suggests that system B 
generally underestimates the gross vehicle weight by 2.7 per cent . 
These .inaccuracies are well within acceptable limits because of the 
vast increase in the overall accuracy of the estimate of traffic 
obtained when using the data determined with the portable equipment 
compared with the inherent inaccuracie s ~5 sociated with the use of the 
national average figures.(?) Tables 11.12 to 11.1 5 inclusive show 
comparison data obtained when weighing multi-axle commercial vehicles 
and although the number of vehicles involved in each case is small, 
this information serves to show the continued accuracy of the equipment 
when used to weigh multi- axle vehicles. 
Tests were undertaken to determine the effect of inclination of the 
weighpad on the measured value of the load. 
Loads of different magnitude were applied to the weighpad inclined 
at angles up to 15 degrees to the horizontal . The effect of inclination 
both along and across the we ighpad was investigated. In each case t he 
error in the measured load was found to be within ± 5% of the true load. 
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TWO AXLE RIGID VEHICLES 
PUBLIC PORTABLE 7. 
WEIGHBRIDGE (kg) WEIGHBRIDGE (kg) DIFFERENCE 
12170 12390 + 1.8 
8450 8400 - 0 .6 
8195 8000 - 2 . 4 
7165 7260 + 1.3 
8310 8510 + 2.4 
8810 9100 + 3.2 
6705 6670 - 0.5 
8160 8290 + 1. 6 
-
9035 9170 + 1.5 
8345 8330 
- 0.2 
8905 9120 + 2.4 
Average Overestimate = 2% 
Table 11. 9 Compariso n Gro ss Vehicle Weight -City Eng ineers 
PUBLIC PORTABLE % 
WEIGHBRIDGE (kg) WEIGHBRIDGE (kg) DIFFERENCE 
4000 4030 + 0 . 75 
16550 16390 - o. 97 
16150 15940 - 1.3 
16900 16940 + 0 . 2 
15800 15930 + 0.8 
16150 16340 + 1.2 
15950 16000 + 0.3 
16000 16190 + 1.2 
16900 16980 + 0.5 
16450 16610 + 1.0 
16100 16250 + 0. 9 
15350 15540 + 1. 2 
15650 15790 + 0 , 9 
Average Over e stimat e = 0.87. 
Table 11. 10 Comparison Gr oss Vehic l e Weig ht - Lee Moor 
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A38 KENNFORD - MAY 1980 
PUBLIC PORTABLE 7. 
WEIGHBRIDGE (kg) WEIGHBRIDGE (kg) DIFFERENCE 
6490 6420 
- 1.1 
16340 16000 - 2.1 
16150 15000 - 7.1 
11060 10760 - 2.7 
5760 5640 
- 2.1 
11800 11650 - 1.3 
7340 7150 - 4.0 
8480 8240 - 2.8 
12890 12820 
- 0.5 
9670 - 9460 - 2.2 
12640 12670 + 0.2 
4420 4460 + 0.9 
11240 11110 - 1.2 
6760 6810 + 0.7 
11590 11860 + 2.3 
5010 5200 + 3.8 
8730 8620 - 1.3 
8510 8820 + 3.6 
7550 7260 - 3.8 
7240 6970 - 3.7 
8840 8620 - 2.5 
5070 4920 - 3.0 
5350 5250 
- 1.9 
5230 5030 - 3 . 8 
15930 15670 - 1.6 
7050 6950 - 1.4 
8230 7880 - 4.3 
5190 5190 0 
8950 8830 - 1.4 
9320 10110 + 8.5 
9000 8830 
- 1. 9 
7780 7560 
- 2.8 
15380 15010 - 2.4 
5470 5100 - 6.8 
15720 15560 
- 1.0 
4670 4470 
- 4.3 
6060 6060 0 
10580 10360 
- 2.1 
Average Underestimate 2.7% 
Table 11.11 Two Axle Rigid -Comparison Gross Vehicle Weight 
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A38 - KENNFORD MAY 1980 
PUBLIC PORTABLE % 
WEIGHBRIDGE (kg) WEIGHBRIDGE (kg) DIFFERENCE 
15650 15460 - 1.2 
22190 22240 + 0.2 
20120 20510 + 2.0 
Table 11.12 Three Axle Rigid- Gross Weight Comparison 
PUBLIC . PORTABLE % 
WEIGHBRIDGE (kg) WEIGHBRIDGE (kg) DIFFERENCE 
24050 24880 + 3.5 
30190 30720 + 1.8 
19280 19850 + 3.0 
24730 25110 + 1.5 
26710 27980 + 4.8 
Table 11.13 Four Axle Rigid- Gross Weight Comparison 
PUBLIC PORTABLE % 
WEIGHBRIDGE (kg) WEIGHBRIDGE (kg) DIFFERENCE 
10230 9600 - 6.2 
13030 12120 - 7.0 
11930 11780 - 1.3 
Table 11.14 Three Axle Articulated- Comparison Gross Vehicle Weight. 
PUBLIC PORTABLE % 
WEIGHBRIDGE (kg) WEIGHBRIDGE (kg) DIFFERENCE 
29410 29220 - 0.7 
31880 32420 + 1. 7 
20970 21420 + 2.2 
Table 11.15 Four Axle Articulated- Comparison Gross Vehicle Weight 
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11.8 . 3.4 Survey Procedure 
One day commerc i al vehicle axle weight surveys were undertaken on 
3 A- class roads (sites 1, 2 and 7), 2 B- class roads (sites 3 and 4) 
and 2 unclassified roads (sites 5 and 6) . The portable weighbridge 
was sited either in a lay- by or on a length of superseded road on the 
A and B-class roads. The unclassified roads posedasmall problem in 
that there were no suitable lay-bys or lengths of superseded road. 
In these cases the portab~weighbridge was set up in one lane of the 
single carriageway road in the direction of travel of the vehicles to 
be weighed . Cones were positioned along the centre line of the road 
effectively splitting it into two lanes and a traffic control system 
operated for all vehicles excluded from the weight survey. This 
procedure was made possible by the relatively low volume of traffic 
which used the roads and wor ked extremely well in each case. 
A policeman was hired for each survey to stop the required commercial 
vehicles. The arrangement with the policeman was that he would stop 
the required commercial vehicles and then one member of the research 
team would ask the driver if he would be prepared to have his vehicle 
weighed. If the driver agreed he would then proceed onto the weigh-
bridge and if he declined he was allowed to continue on his journey. 
The portable weighbridge is of the static type which meant that the 
axles were weighed one at a time with the vehicle stationary for each 
measurement. 
In total some 578 commercial vehicles were weighed with the portable 
weighbridge during these surveys and in that time only one vehicle 
refused to go into the lay-by to be weighed. On all roads, apart from 
the A38, the commercial traffic flow was such that sampling was not 
necessary and all commercial vehicles travelling in the appropriate 
direction were weighed. 
The commercial traffic flow on the A38 was heavie r than that on any 
other site and a sampling procedure, stopping every fifth vehicle, 
was implemented . 
The time taken to weigh the commercial vehicles was proportional to 
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the number of axles; two-axle commercial vehicles were weighed in less 
than 30 seconds and four-axle commercial vehicles in less than 1 minute. 
11.8.4 Estimation of Axle and Vehicle Damage Factors 
The axle damage factor is the number of standard axles per commercial 
axle and was obtained for each site by summing the derived standard 
axle factors and dividing by the total number of axles weighed. 
The vehicle damage factor is the number of standard axles per 
commercial vehicle obtained by multiplying the number of axles per 
commercial vehicle (obtained from the traffic count) by the axle 
damage factor (obtained from the vehicle weighing) . 
11.8. 4. 1 Axle and Vehicle Damage Factors 
The axle and vehicle damage factors for each vehicle classification 
are presented by site in Tables 11.16 to 11.25 inclusive. These show, 
for the sites investigated substantial differences between the average 
vehicle damage factors for the various vehicle classifications. These 
differences could be due to the variation in the numbers of vehicles 
weighed and the influence of one or two fully laden vehicles on a small 
sample . There is also evidence from Tables 11.16 to 11 . 25 of variation 
in damage factor between sites for a particular vehicle c;Lassification. 
This variation is due to the difference in the type of use of vehicle 
within each classification. 
Consider, for example, the values derived for the two and three axle 
rigid classifications for the roads at Ermington (Table 11.16) and 
Okehampton (Table 11.17). 
Ermington 
Okehampton 
Two Axle Rigid 
0.46 
0.75 
Three Axle Rigid 
3.10 
1.52 
A large number of two-axle distribution vehicles (generally relatively 
light) and fully laden three-axle brick lorries use the road at 
Ermington. 
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VEHICLE NUMBER OF AXLE DAMAGE VEHICLE DAMAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RIGID 23 0.23 0.46 
THREE AXLE RIGID 4 1.03 3.10 
FOUR AXLE RIGID 4 0.48 1. 91 
FOUR AXLE ARTIC 4 0.55 2.21 
Table 11.16 B3210 Ermington 
. 
VEHICLE NUMBER OF AXLE DA¥.AGE VEHICLE DAMAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RIGID 26 o. 38 0.75 
THREE AXLE RIGID 7 0.51 1.52 
FOUR AXLE RIGID 1 0.06 0.23 
THREE AXLE ARTIC 1 0.21 0.64 
FOUR AXLE ARTIC 4 0.24 0.97 
TWO AXLE BUS 6 0.07 0.13 
Table 11.17 B3218 Okehampton 
VEHICLE NUMBER OF AXLE DAMAGE VEHICLE DAMAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RIGID 18 0.83 1.66 
THREE AXLE RIGID 19 1.01 3.03 
FOUR AXLE RIGID 19 0.89 3.56 
FOUR AXLE ARTIC 6 0.97 3.88 
TWO AXLE BUS 5 0.20 0.40 
Table 11.18 Unclassified- Cornwood 
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VEHICLE NUMBER OF AXLE DAMAGE VEHICLE DAMAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RIGID 30 0.92 1.84 
THREE AXLE RIGID 6 0.65 1. 96 
FOUR AXLE RIGID 7 0.24 o. 95 
THREE AXLE ARTIC 1 0.05 0.15 
FOUR AXLE ARTIC 9 0.93 3. 72 
Table 11.19 Unclassified- Lee Moor 
VEHICLE NUMBER OF AXLE DAMAGE VEHICLE DAMAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RIGID 71 0.24 0.49 
THREE AXLE RIGID 5 0.32 o. 97 
FOUR AXLE RIGID 4 0.40 1.61 
THREE AXLE ARTIC 2 0.01 0.03 
FOUR AXLE ARTIC 5 0.06 0.24 
TWO AXLE BUS 4 0.04 0.08 
Table 11.20 A381 Harberton 
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VEHICLE NUMBER OF AXLE DAMAGE VEHICLE DAMAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RI GID 33 0.18 0.35 
THREE AXLE RIGID 1 0.03 0.05 
FOUR AXLE RIGID 1 0.25 1.00 
TWO AXLE BUS 2 0.15 0.29 
Overall veh icle damage factor = 0 .36 
Table 11 . 21 A379 Hodbury - 24/10/79 
VEHICLE NUMBER OF AXLE DAMAGE VEHICLE DAMAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RIGID 32 0.22 0.44 
THREE AXLE RIGID 8 0. 97 2.89 
FOUR AXLE RIGID 2 1.01 4.06 
THREE AXLE ARTIC 2 0.02 0.06 
FOUR AXLE ARTIC 1 0 . 03 0.11 
TWO AXLE BUS 4 0.04 0.07 
Overall vehic l e damage f a c t or 0 . 94 
Table 11 .22 A379 Modbury- 17/3/80 
VEHICLE NUMBER OF AXLE DAMAGE VEHICLE DAMAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RIGID 24 0.14 0.27 
THREE AXLE RIGID 1 0. 77 2.30 
THREE AXLE ARTIC 2 0,.13 0.40 
FOUR AXLE ARTIC 3 0.13 0.53 
TWO AXLE BUS 3 0.07 0.13 
Overa ll vehicle damage factor 0.38 
Table 11.23 A379 Modbur y - 18/ 3/80 
VEHICLE NUMBER OF AXLE DAMAGE VEHICLE DAMAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RI GID 29 0.16 0.32 
THREE AXLE RIGID 5 0,79 2.38 
THREE AXLE ARTIC 3 0.42 1.27 
TWO AXLE BUS 2 0.04 0.08 
' 
Overall vehicle damage factor 0 . 65 
Table 11 . 24 A379 Hodbury - 19 / 3/80 
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VEHICLE NUMBER OF AXLE DAMAGE VEHICLE DAt'lAGE 
TYPE VEHICLES FACTOR FACTOR 
TWO AXLE RIGID 71 0.15 0,31 
THREE AXLE RIGID 5 0.46 1.37 
FOUR AXLE RIGID 6 0.22 0.88 
THREE AXLE ARTIC 16 0.27 0.80 
FOUR AXLE ARTIC 23 0.17 0.67 
Table 11. 25 A38 Plympton By-Pass 
SITE NUMBER OF AXLES AXLE DAMAGE VEHICLE DAMAGE 
PER COMMERCIAL FACTOR FACTOR 
' VEHICLES 
A381 HARBERTON 2.19 0.21 0.46 
A397 MOD BURY 2.27 0.26 0.59 
B3210 ERMINGTON 2.56 0.43 1.10 
B3218 OKEHAMPTON 
UNCLASSIFIED CORNWOOD ~:3c 8:S~ ~ - 76 .5.2. 
UNCLASSIFIED LEE MOOR 2. 72 o. 74 2.01 
A38 2.69 0.23 0.62 
Table 11. 26 Axle and Vehicle Damage Factors for each test s ite 
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The effect of these vehicle types on the damage factors for their 
particular classification can be seen; the damage factor at Ermington 
for two- axle rigid vehicles is nearly half that at Okehampton and the 
damage factor for three-axle rigid vehicles is nearly twice that at 
Okehampton. 
The overall damage factors for each site have been calculated and are 
given in Table 11 . 26. 
(7) 
Figure 17 from LR910 has been reproduced as Figure 11.9 in this report 
and the axle damage factors for each site have been superimposed on this 
figure to allow a comparison to be made with the estimated values for 
1979 . 
The two unclassified roads at Cornwood and Lee Moor yield damage 
factors nearly twice as high as any other road because of the high 
proportion of fully loaded vehicles which travel on them every day. 
The large number of vehicles weighed in each vehicle classification 
rules out the possibility of the damage factors being influenced by 
a few fully l oaded vehicles. Their positions in Figure 11.9 relative 
to that estimated for roads carrying <250 vehicles reinforces the 
point made previously that it is vitally important to identify such 
'special' roads and to carry out traffic volume and axle weight surveys. 
The position of the Ermington site is probably slightly high because 
of the reason given previously concerning the influenceoffully loaded 
vehicles on small weighing samples. An interesting point to note is 
that both A- class roads lie within the relevant band, both B-class 
roads within a band above the relevant one and both unclassified roads 
lie within a band three above the relevant one. These relative 
positions are possibly due to the trend line for <250 being based upon 
information from A-class roads with comparable axle load spectra and 
that it does not take into account the variability of axle load 
spectra on B and unclassified roads. This lack of relevant data 
is a good reason why use should be made of a portable weighbridge to 
establish realistic damage factors. 
The axle load factor of 0.23 for the A38 is low for this category of 
road and therefore needs an explanation . As one of the main routes 
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into the South West the A38 carries in excess of 1000 commercial 
vehicles per day in each direction . This volume of traffic made it 
impracticable to weigh every vehicle and a sampling rate of every 
fifth vehicle was adopted. Problems of sticking to this sampling 
rate were encountered and the results indicated a bias towards the 
smaller, lighter commercial vehicles . An axle load factor of 0 . 23 
is not a true reflection of the damage factor for this particular 
road . 
11.8. 4. 2 The effect that the choice of day can -have an the 
estimated value of the damage factor 
In addition to the vehicle weight surveys already described, work 
was undertaken on a three consecutive day weight survey on the 
Modbury site. The main reason behind this was to determine whether , 
as with the traffic count, the choice of day greatly affected the 
damage factors obtained for each vehicle category. 
The results obtained are presented in Tables 11.22 and 11.2~ inclusive, 
and reference to them will indicate that the damage factors obtained 
for each classification were different for each of the three days: 
There was also a difference in the overall vehicle damage factors 
for the three days. The duration of each survey was not the same, 
due to a vehicle breaking down on 18th March 1980 in the lay-by and 
blocking off the entry to the weighbridge. This accounts for the 
small number of vehicles weighed on that day. 
The results shown in both Tables 11. 21 and 11.23 are for surveys 
undertaken on two separate Wednesdays, and although there is a 
difference between the damage factors obtained for e ach vehicle 
classification, the overall damage factors were virtually the same. 
1L8 .5 Ir.1proved procedure for determining Damage Factors from Traffic 
Counts and Portable Weighbridge Surveys 
The weight survey work undertaken with the portable equipment, although 
based at tir.les on small samples, has indicated the difficulty in 
der i ving a damage factor appropriate to a wide range of roads 
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classified in terms of the number of vehicles using them (i . e. <250) . 
It has also highlighted the effect that the daily variation in numbers 
and types of vehicles can have on the estimated damage factor for a 
particular site . 
One method of making an allowance for this effect is to firstly conduct 
an extensive traffic count over a five day period to determine the 
average daily number and type of vehicles in each vehicle classification. 
It may be possible to use the General Traffic Census data(6S)for this 
purpose. 
The second step would be to undertake a one day vehicle weight survey 
and weigh the number of vehicles in each classification, as specified 
from the traffic count. 
Data on the accuracy of short period weight surveys is limited but work 
undertaken in Sweden(69 )indicates that average damage factors from a 
one day sample are likely to be within 30 to 60 per cent of the true 
value. 
It is felt that the damage factors derived using the proposed procedure 
in association with the portable weighbridge would be more accurate and 
that damage factors could be considered appropriate if they varied by 
more than 30 to 40 per cent from the published data. If they varied 
by less than 30 to 40 per cent from the published data they could be 
ignored and the published data used. 
11.8 .6 Calculating the 'slice in time' for each test site 
The standard axle factors and the present daily flow of commercial 
vehicles have been calculated for each site, as detailed earlier in 
this section. 
In order to use this information to define the 'slice in time' in terms 
of the cumulative number of standard axles, it was first necessary to 
determine a starting point in the life of the pavement; usually defined 
by the date on which the road was opened to traffic or the date of the 
last major strengthening or reconstruction. 
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It was realised at an early stage that the former did not apply because 
the majority of the test sites were undesigned and had been built up to 
meet the traffic needs by a series of successive strengthening measures . 
It was therefore necessary to determine the date of the last major 
strengthening and use this as the starting point for the estimate of 
past traffic. 
Consultations with the appropriate Divisional Surveyors indicated that 
records were generally only available for strengthening work undertaken 
over the last 20 years . 
Sections which had been strengthened during this time were identified 
and for these sections the estimate of past traffic was based upon the 
date of completion of the strengthening work. 
The lack of earlier records meant that a decision had to be made 
concerning the starting point for sections not strengthened during the 
last 20 years . 
A start point of 1960 was assumed for these sections because it can be 
shown that the exclusion of traffic prior to this date from the estimate 
would not greatly affect the position of the 'slice in time' on the 
deflection and life chart. 
(7) 
Published data has shown that the standard axle factor has increased 
over the last twenty years. To take account of this in the estimates 
of past traffic use was made of the trend lines in Figure 18 in LR910 (7 ) 
to determine the values for each year between 1980 and the year defined 
as the start point for estimating past traffic. 
The 'slice in time' for each site was calculated in terms of the 
cumulative number of standard axles by summing, for each year in the 
past life of the pavement, the product of the standard axle factor 
and the commercial vehicle flow . 
Past traffic has been calculated for 2%, 3% and 4% rates of growth in 
commercial traffic and are given in Table 11.27 . Discussions with the 
TRRL resulted in figures appropriate to a 4% growth in commercial 
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SITE 4% 3% 2% 
Site 1 - Totnes Hill Ch. o.oo - 1.25 0,31 X 106 0.33 X 106 0.36 X 106 
Site 1 - Halwell to River Wash Bridge 0 .06 X 106 0 .06 X 106 0.06 X 106 
(Overlaid Section) 
Site 1 - Halwell to River Wash Bridge 0.37 X 106 0.40 X 106 0.43 X 106 
Site 4 - Ashbury June. to 'X' roads 0.08 X 106 0,08 X 106 0,09 X 106 
(Overlaid Section) 
Site 4 - Ashbury J une . to 'X' roads 0.23 X 106 0 .25 X 106 0 .27 X 106 
Site 5 - Cornwood to Quarry Ch. 0.00 0,11 X 106 0,12 X 106 0.13 X 106 
- 1. 615 
Site 5 To lchmoor Gate to Cadaver 6 6 6 - 0,27 X 10 0,29 X 10 0.32 X 10 
Bridge Ch. 3.0 - 7.0 
Table 11.27 Estimated Past Traffic for each site , calculated for 2% , 3% and 4% growth rates . 
traffic being adopted as the most likely for the test sites under 
consideration . 
11.9 RELATING DEFLECTION TO THE CONDITION OF THE PAVEMENT 
11. 9 .1 Introduction 
The 'slice in time' for each site has been caLculated from the data 
collected during the traffic surveys and expressed as a cumulative 
number of standard axles (details given in section 11 . 8 . !) ) . 
It is then necessary to identify , for each slice in time , the 
deflection levels corresponding to pavements visually classified as 
being in a SOUND, CRITICAL and FAILED condition . This was expected 
to be achieved by a simple matching procedure between deflection 
and condition . 
However , obtaining the required accuracy of match proved to be an 
important part of this investigationintothe behaviour of lightly 
trafficked roads . 
Several methods of relating deflection and condition were employed 
and it was found that the great variability in strength both along 
and across these lightly trafficked roads made it necessary to ensure 
that the condi tion of the pavement ' s surface was recorded at the exact 
point of each deflection measurement . The variations in distance 
which often arose as a consequence of the different methods used to 
locate the deflection measurements and the condition also contr ibuted 
to the difficulties experienced. 
As a result of time- consuming anal yses of deflection and condition 
a procedure was developed for use with the Deflectograph that involved 
marking the position of the measuring tip on the pavement ' s surface 
for each deflection measurement to a l low the condition to be recorded 
at that point . 
The analysis of the deflection and condition measurements recorded 
using this procedure has resulted in a basic relationship being 
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developed between deflection and condition for lightly trafficked 
roads. 
The slice in time approach has been used to compare the derived 
deflection and performance relationships with those published by TRRL. 
The relationships derived from the experimental data collected during 
this project suggests that the behaviour of lightly trafficked roads 
with granular non-cementing and bituminous road-bases is similar to 
that presented in the charts in LR833.(35) 
11.9.2 Matching Deflection and Visual Condition recorded at 10 m 
intervals 
An attempt was made to relate individual standardised deflection 
measurements recorded at about 4 m intervals to the condition of the 
pavement's surface recorded at 10 m intervals. Previous work on 
designed roads had shown that a condition survey every 10 m was 
generally sufficient to reflect the overall condition of the pavement 
in relation to individual deflection measurements. This was not the 
case for the undesigned roads being investigated. It was impossible 
to discern a relationship between deflection and condition ; similar 
deflection ranges were identified for all three (SOUND, CRITICAL and 
FAILED) pavement classifications. 
The frequency of the condition measurements did not adequately reflect 
the rate of change of strength of the pavement and it was therefore 
decided to record conditions at 1 m intervals on reduced lengths of 
each site . 
It was felt that the methods used to record the position of each deflection 
measurement and condition of the pavement's surface also contributed to 
the problem of matching these two parameters . 
11. 9 . 3 Matc h i ng Deflection a~d Visual Condition recorded at 1 m 
intervals 
One metre visual condition surveys were recorded on the lengths of 
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road detailed in Table 11 . 28 
SITE CHAINAGE LENGTH 
Site 1 - Totnes Hill 500 - 1000 500 m 
Site 4 - Ashbury Junction to 3750 - 4250 500 l!l 
'X' roads 
Site 5 - Cornwood to Quarry 250 - 750 500 m 
Site 5 - Tolchmoor Gate to 3000 - 3100 100 m 
Cadaver Bridge 
Site 5 - Tolchmoor Gate to 3300 - 3500 200 m 
Cadaver Bridge 
Site 5 - Tolchmoor Gate to 6600 - 6700 100 m 
Cadaver Bridge 
Table 11.28 Lengths visually assessed at 1 m intervals. 
These lengths of road were selected from the 10 m visual condition 
survey sheets to include fairly long sections of each of the three 
surface condition classifications. 
Because of the inadequacy of the fifth wheel as an accurate distance 
measuring device it was decided to determine the average spacing 
between the individual deflection measurements . This was done by 
dividing the distance between two chainage markers by the number 
of deflection readings within that distance. 
11.9.3.1 Deflection Profiles 
The deflection data for a particular length of road was presented as 
a deflection profile obtained by plotting each deflection against the 
chainage and joining the individual points with straight lines, 
Figure 11.10 .Although this provided a continuous deflection profile for 
the length of road only the individual deflection points representing 
the actual measured values were compared to condition. 
Deflection data from five Deflectograph surveys, representing a time 
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scale of about two years, was considered as being applicable to the 
same slice in time because most of the test sites were so lightly 
trafficked. 
For analysis the deflection profiles for each survey were reproduced 
on tracing paper in order that they could be superimposed on top of 
one another . 
1~9.3.2 Visual Condition Data 
The information from the visual condition survey sheets was transformed 
onto graph paper with each pavement surface classification being 
represented by a different symbol, Figure11.11. Presenting the data in 
this manner allowed the deflection profiles to be positioned on top of 
these condition sheets to determine the neflection values associated 
with each pavement condition classification. 
11. 9 . 3 . 3 Relating Deflection and Condition 
The deflection profiles were placed on top of the condition survey 
sheets one at a time and moved a maximum of one deflection reading 
to the left or the right to find the most probable match with condition. 
Plus or minus one deflection reading was regarded as the greatest 
accuracy of interpretation of the results from the Deflectograph . This 
process was repeated for the remaining four other deflection profiles 
applicable to each particular length of road. Once having determined 
their most probable positions relative to the condition sheet the 
deflection profiles were superimposed on top of one another for 
comparison with condition. 
Superimposing the deflection profiles in this way gave an indication 
of the general deflection levels associated with each particular 
length of road. 
A general indication of deflection level was the best that could be 
hoped for because the position of the measuring beam on the road's 
surface was probably not the same from survey to survey . 
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The deflection values associated with each pavement surface 
classification were determined from this method of matching the 
deflection profile and the condition and typical results are shown 
in Figures 11.12 and 11 . 13 for the test sites at Okehampton and TolchmoorGate . 
Similar relationships between deflection and condition were derived 
for the other sites. 
The position of the critical condition cnrve for the appropriate 
slice in time was extracted from the relevant deflection performance 
(35) 
chart in LR833 and superimposed on Figures 11 . 12 and 11.13 for 
comparison purposes. 
The results shown in Figures 11 . 12 and 11.13 are typical 
for all of the test sites and indicate similar deflection ranges for 
sound, critical and failed pavements. 
As a consequence of the low deflection levels corresponding to 
critical conditions, the position of the critical condition curve , 
(35) 
suggested by these results, was lower than indicated in LR833. 
It would appear from the results of the comparison between deflection 
and 1 metre condition survey data that the condition specific to each 
deflection value was not identified or that the deflection approach 
does not apply to lightly trafficked roads. The probable reason for 
this was that the chainage calculated for the deflection readings was 
different to that recorded during the visual condition survey. A 
difference in chainage of one or two metres,together with the great 
variation in deflection levels apparent on these undesigned roads, 
could result in the deflection and condition relationships suggested 
by Figures 11 .1 2 and 11 . 13. 
To try and solve this problem it was decided to record the visual 
condition at the exact point of each deflection measurement . 
11. 9 .4 Use of the Deflection Beam to relate Deflection to Condition 
at the exact point of measurement 
The deflection beam was used to measure deflections on sections of 
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Site 5B, Tolchmoor Gate to Cadover Bridge, and Site lA, Totnes Hill. 
The visual condition of the pavement's surface at every measurement 
point was noted. Figures 11.14 & 11.15 show the deflection levels 
for pavements in a sound and critical condition. 
Deflections were measured at a road temperature of about 4°C and were 
not temperature corrected because of the inaccuracies involved when 
correcting deflections measured at such low temperatures. 
The standard deflection levels associated with the two sites were not 
therefore reflected in these results. 
In both cases it can be seen that the deflection values associated 
with the critical conditions were higher than those associated with 
sound conditions, i.e. the more damaged and weaker the pavement 
section, the higher the deflection. This work with the Deflection 
Beam, although based upon a small sample and undertaken at very low 
pavement temperatures, has indicated that a relationship can be 
developed between deflection and condition for lightly trafficked 
roads provided that the two parameters are measured at the same 
position on the pavement's surface. 
11. 9 . 5 Matching Deflectograph Deflection and Visual Condition 
Having used the Deflection Beam to show the importance of recording 
condition at the exact point of each deflection measurement, it was 
necessary to devise a method of marking the position of the measuring 
tip during subsequent work with the Deflectograph. 
Various techniques were tried and the one most easily im~lemented was 
a hand held aerosol paint spray. A Deflectograph survey of each 
test site was underta ken using this modified operating procedure 
with great success. The paint marks at specific intervals along 
each test section were easily identifiable,allowing the condition of 
the pavement's surf ace to be assessed at these points by a person 
walking be hind the Deflectograph. 
Matching deflection and condition information, gathered in this way, 
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has resulted in the identification of the deflection levels for the 
various pavement condition classifications, Figures 11.16,11.17 & 11.18. 
Reference to these Figures will show that the general deflection level 
associated with a failed pavement is greater than that associated 
with a critical pavement, which in turn is greater than that associated 
with a sound pavement. 
Similar results were obtained for the other sites surveyed using this 
modified procedure. 
Figures 11.16, 11.17, 11.1 8 indicate a basic relationship between 
deflection and condition, for lightly trafficked roads, \:.'-'et. '::C"t.~ o\ -.....\,·,<-\..,. ~. 
similar to that derived for medium and heavily trafficked roads. 
11.9.6 Using the Critical Deflection Range to locate the Position of 
the Critical Condition Curve 
Relationships between deflection and condition have been determined for 
each test site indicating the deflection ranges for lightly trafficked 
pavements in a Sound, Critical and Failed condition. Combining this 
information with the past traffic levels for each site allowed the 
behaviour of lightly trafficked roads to be expressed using the slice 
in time approach. 
11.9.6.1 Comparing Derived Relationships with those previously 
published 
The behaviour of lightly trafficked roads was related to the published 
data by extracting the deflection ranges corresponding to critical 
conditions from figures 11.16 t o 11.18 superimposing t hem for each slice 
in time on Figures 11.19 and 11.20. 
Figures 11.19 and 11.20 show the relationship between critical life 
deflection and critical life for pavements with granular non-cementing 
and bituminous roadbases,respectively. 
All of the sites investigated, with the exception of the one at Totnes, 
had granular non-cementing roadbases. The test site in Totnes had a 
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The deflection and performance relationships were derived by the TRRL 
from work undertaken on their full - scale pavement design experiments 
and were originally used to help define the position of the critical 
(35) 
curve in the charts given in LR833 . The extrapolated region (shown 
dotted) below one million cumulative standard axles represents the 
lightly trafficked roads being investigated oy this project. 
The following points can be drawn from Figures 11.19 and 11.20: 
1 . The range of critical deflections for the sites at Okehampton 
and Tol chmoor Gate are similar to those suggested by the TRRL 
data but have substantially higher and lower limiting values. 
2 . The range of criti cal deflections for the sites at Modbury 
and Lee Moor are below those suggested by the TRRL data. 
3. The upper limiting value representing crtical conditions for 
the Totnes site with a bituminous road-base lies within the 
range suggested by the TRRL data, but the lower l imiting value 
lies outside this range . 
In general the relative positions of the critical deflecti on ranges 
would suggest that the position of the critical condition curve for 
lightly trafficked roads lies below that indicated by the TRRL data . 
As a possible explanation for the low deflection levels corresponding 
to pavements in a critical or failed condition consider the damage 
criteria used to define the conditions of the pavement's surface. 
Deterioration shows itself as rutting or cracking of the pavement ' s 
surface and it is the magnitude of the damage which defines pavement 
condition. 
A problem often encountered while trying to classify the condition 
of these undesigned lightly trafficked roads was whether the shape of 
the pavement ' s surface was due to general unevenness or genuine 
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rutting. The unevenness encountered extended both along and across the 
pavement sections. It is quite possible that at times the unevenness 
of the pavement's surface could have been mistaken for rutting , with 
the result that a relatively strong pavement was classified as being 
in a critical or failed condition. The strength of the pavement would 
be reflected in the magnitude of the deflection measurements and in 
this case low deflection values would be linked to pavements classified 
as being in critical or failed condition . 
This problem was further complicated by the liberal use of surface 
dressings on lightly trafficked roads. Surface dressings can not only 
conceal any cracking of the pavement ' s surface but can at times give 
the impression of a rut due to the size and distribution of the stones . 
Considerable care was required to ensure that the surface deformation 
was not due to the effect of general unevenness and/ or surface 
dressing . 
Ncn-structural deterioration in the form of small ruts in the surfacing 
only could result in the pavement condition being classified as 
critical and, when used to qualify the deflection, would indicate an 
artificially low deflection level associated with critical conditions. 
11 . 9 . 7 Using the Top of the SOUND Deflection Range to locate the 
Position of the Critical Condition Curve 
To overcome the possible influence of surface characteristics (unevenness, 
surface dressing) and non-structural deterioration on the criteria used 
to define pavement condition, attention was turned to an analysis of the 
deflection measurements recorded on pavements in a SOUND condition . It 
was felt that an approach based upon the deflection levels at the top of 
the sound range would give a more reliable indication of the position of 
the critical condition curve because these values were less likely to be 
influenced by the damage criteria used to classify pavement condition . 
Deflection levels at the top of the sound range represent pavement 
sections beginning to show signs of deterioration, i.e . approaching 
critical conditions. 
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The deflection ranges appropriate to pavements in a sound condition have 
been extracted from Figures 11.16, 11.17and 11.18 and superimposed for 
each slice in time on Figures 11.21 and 11.22. 
Reference to Figures 11.21 and 11 . 22 will show that in all cases, 
apart from one , the top of the sound deflection range lies within the 
band of critical deflections suggested by the TRRL data. These 
relative positions of the limiting deflection values would indicate 
that the behavi our of lightly trafficked roads with gr anular non-
cementing and bituminous road-bases is s imilar to that indicated by 
(35) 
the deflection and performance relationships published in LR833. 
11 . 10 DISCUSSION 
The aim of this work was to develop relationships between deflection 
and performance for lightly trafficked roads and use these relation-
ships to validate the position of the critical condition curves given 
in the deflection and life charts in LR833.( 35 ) 
The pr oject covered a three- year study , which was insufficient time to 
develop full deflection histories relating deflection and performance 
for the pavement sections considered . 
A new methodology had therefore to be developed for investigating the 
behaviour of flexible pavements based upon data gathered over a limited 
time scale. 
The method adopted allows the deflection and performance relationships 
to be considered as a slice in time from their complete deflection 
histories. 
To use this approach it was necessary to determine the deflection ranges 
corresponding to pavements in a SOUND, CRITICAL and FA.ILED condition by 
relating deflection to the condition of the pavement's surface defined 
in terms of the depth of rutting and extent of cracking in the wheel-
paths . 
A feature of this work on lightly trafficked roads was the need to match 
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deflection to the condition at the exact point of measurement. This 
was only necessary to develop the basic relationship between deflection 
and condition with sufficient accuracy to define the position of the 
critical condition curve. Such accuracy of match between deflection and 
condition is not necessary for routine deflection surveys. 
The slice in time was defined by the cumulative number of standard 
axles carried by each test site since last major strengthening. 
(35) 
The critical condition curves presented in the charts in LR833 for each 
road-base type cover a band of deflection levels and it was initially 
thought that the accuracy of the position of these curves could be 
assessed by superimposing the deflection and performance relationships 
for pavements in a critical condition onto the appropriate chart. 
This was achieved using the slice in time approach, with the result 
that the critical deflection range either covered a similar range to 
that suggested by the TRRL data, but with substantially higher and 
lower limiting values, or covered a range below that suggested by the 
TRRL data. 
The relative positions of these critical deflection ranges indicated 
that the critical condition curve, for pavements with granular non-
cementing and bituminous road-bases, lay below that presented in the 
relevant charts in LR833~ 35 ) 
It was felt that the low deflections corresponding to pavements in a 
critical condition may be a consequence of either 
(i) surface unevenness and/ or loss of chippings from surface 
dressing 
or 
(ii) non-structural deterioration 
on the criteria used to visually define pavement condition. 
To keep any such influence to a minimum , attention was turned to the 
use of the deflection l evel corresponding to the top of the SOUND 
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deflection range as the basis for the estimate of the position of 
the critical condition curve. The deflection levels corresponding to 
the top of the SOUND deflection range represents pavements beginning 
to show signs of visual deterioration and whose condition is also 
reflected in the magnitude of the deflection measurement. 
Deflection levels higher than these on pavements also showing signs of 
visual deterioration must therefore represent pavements in a critical 
condition. 
The deflection ranges appropriate to pavements in a SOUND condition were 
superimposed, for each slice in time, on the chart showing the 
deflection and performance relationship for the relevant road-base type. 
In all cases, apart from one, the deflection level corresponding to the 
top of the SOUND deflection range fell within the band of deflections 
suggested by the published data. The relative positions of these 
limiting deflection values would indicate that the position of the 
critical condition curve is within the range shown by the curves in 
the published data~ 35 > 
The deflection and performance relationships derived from the 
experimental investigations suggests that the behaviour of lightly 
trafficked roads with granular non-cementing and bituminous road~bases 
(35) is similar to that presented in the relevant charts in LR833. 
11.11 CONCLUSIONS 
The work carried out has resulted in:-
1. the development of a new methodology for investigating the 
behaviour of flexible pavements based upon data gathered over 
a limited time scale. 
This approach has further applications in that it can be used 
to ' calibrate' the existing evaluation and strengthening design 
(71) 
method for use in other countries with different climates. 
Calibration could be achieved by developing deflection and 
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performance relationships over a limited period of time and 
using the slice in time approach to compare an estimate of the 
position of the critical condition curve based on these relation -
ships with the position suggested in the method. Excessive 
differences in the position of the critical condition curve 
would require an adjustment to be made to any estimate of 
remaining life. 
2. the establishment of deflection and performance relationships for 
lightly trafficked roads and the subsequent validation of the (35) 
relationships given in the charts in LR833 describing the 
behaviour of lightly trafficked roads. 
3. the setting up of a large experimental data base containing 
information on pavement condition , construction and strength , 
including curvature, maximum deflection, visual deterioration, 
in-situ moduli, pavement thicknesses and strengths. 
The extension of the existing evaluation and strengthening design 
method for use on lightly trafficked roads is dealt with in the next 
chapter. 
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12 EXTENSION OF THE FLEXIBLE PAVEMENT EVALUATION AND OVERLAY DESIGN 
PROCEDURE TO INCLUDE THE BEHAVIOURAL DATA GATHERED ON THE LIGHTLY 
TRAFFICKED TEST SECTIONS 
12.1 INTRODUCTION 
This chapter contains the extended deflection and performance and 
overlay design charts for pavements with granular non-cementing and 
bituminous roadbases . 
Details are given of the methods used to extend the existing 
relationships to include the behavioural data gathered on the 
lightly trafficked test sections . 
12 . 2 DEFLECTION AND PERFORMANCE RELATIONSHIPS 
The experimental data collected during this project has allowed 
the definition of critical deflection and critical life relationships 
for lightly trafficked roads with granular non- cementing and 
bituminous roadbases. These relationships have been shown to be 
similar to those suggested by the data collected on the TRRL's 
full-scale design experiments (Figures 11 . 21, 11.22). 
The critical life deflection and critical life relationships were 
used, together with relationships between early life deflection and 
critical life, to construct the deflection and performance charts 
given in LR833~ 35 )The deflection and performance relationships for 
pavements with granular non-cementing roadbases is given in Figure 
12.1. This chart can be used, together with measurements of maximum 
deflection and estimates of past traffic, to predict the remaining 
life in a pavement . 
The lines , shown in this chart, defining critical conditions were 
extrapolated for the lower traffic levels and were shown as dashed 
lines. 
On the basis of the evidence presented in Figures 11 . 21 and 11 . 22 it 
is now felt that these lines can be shown as solid down to a traffic 
357 
140 
130 
.-
120 
110 
N 
I 
0 
...... 
100 
>< 
~ 90 
c: 80 0 
·.-! 
.u 
u 
Q) 70 w ....... 
l1l '1-l 
CD Q) 
'd 
'd 60 
1-1 
Id 
'd 50 c: 
Id 
.u 
(/) 
40 
30 
20 
10 
0.2 0.3 0.4 0.50.6 0.8 0 . 10 
Fig. 12 .1 Relation between standard deflection 
(after Kennedy and Lister) . 3 
Critical condi tion 
Probability of 
a c hieving life 
0.25 
0.50 
0.75 
--
1.5 2.0 3.0 4.0 5.06.0 8.0 10 15 
Cumulative standard axles (x1G6 ) 
- --
20 30 40 
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level of 0.2 x 106 cumulative standard axles, for pavements with 
granular non-cementing and bituminous roadbases. 
The solid lines are indicative of the increased confidence in the 
ability of the relationships shown in these charts to accurately 
represent the likely behaviour of lightly trafficked roads. 
The deflection and performance relationships for pavements with 
granular non-cementing and bituminous roadbases are presented in 
Figures 12.2 and 12.3 respectively. 
The reduced time scale of this project has meant that it was not 
possible to construct full deflection histories for the lightly 
trafficked test sections. This means that both the shape and the 
position of the deflection trend lines shown in the original charts 
for lightly trafficked roads must be assumed correct because of the 
lack of contrary evidence. 
The 'fanning out' of the critical condition lines to represent a 
range of probabilities of achieving a given life is also assumed 
correct because their relative positions could not be validated 
using the information collected during this investigation. 
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12.3 OVERLAY DESIGN CHARTS 
The investigations undertaken on the lightly trafficked test sections 
has shown that deflection levels in excess of 120 x 10- 2mm can be 
recorded on pavements in a sound condition. 
It follows that if the·residual life of these roads is less than that 
(35) 
required, the overlay design charts presented in LR833 should be 
capable of being used to design overlays to strengthen them. 
However, in the majority of cases the overlay design charts can only 
be used to design overlays for pavements with present deflection 
levels up to about 120 x 10- 2mm . It was therefore necessary to 
extend the overlay design charts to accommodate present deflection 
levels in excess of this value. 
The overlay design charts were extended using: 
(i) the overlay reduction chart , Figure 12.4; 
(ii) the early life deflection and critical life 
relationships for overlaid pavements . (An example is 
given in Figure 12 . 5 for pavements with granular 
roadbases) . 
These relationships were derived by TRRL from performance data 
gathered on their full - scale experiments. 
The extended overlay design charts are presented in Figures 12. 6 and 
12 .7 for pavements with granular non- cementing roadbases, and 
Figures 12.8 and 12.9 for pavements with bituminous roadbases. 
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Abstract 
Measurements of maximum deflection recorded by a d ef lection beam 
or a Deflectograph ha\.·e been 'used as the basic input for assessing 
pavement performance and ~verlay design.(!) The methods also req.ui.re 
information on construction and at present this is obtained by coring 
and from trial pits. The duality of information required by design 
methods has limited the introduction of real time processing and, as 
a re~ult, reduced the basic advantage. of having closely spaced 
measurements by the ti~e delay created between survey and design 
,., 
recommendation. 
----· This paper d~scribes invest~gations into the use of deflected 
shape measurements to characteri~e the ~avement constr~ction: Details 
are presented of ~heoretical studies, using a finite element approach , 
together with in situ measurements made with a Deflectograph on a wide 
range of pavement types. 
Resulting from these investigations a method of estimating the 
thickness of bound material in a pavement structure is presented. 
The accuracy of the proposed method is assessed in relation to 
the quality of the measurements, the existence of localised 'soft 
spots' in the soil subgrade and granular layers of the pavement and 
localised cracking of th~ bound layers. 
(1) 
LISTER, N.W., KENNEDY, C.K., FERNE, B.W • . The TRRL method for 
planning and design of structural maintenance. Proc. Sth Int. 
Conf. Structural Design of Asphalt Pavements. Un~versity of 
Michigan. Ann Arbor, 1982. 
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Th e Use of M3x i mum Dc (lccti o n a nd De (lected Sha pe ~easu remcnts for 
I 
As sessing Pave me nt Perfo rma nce 
1.0 Introduction 
Me a surements of maximum d e fl ec ti o n r e c o rd e d by a De fl ect ion Be am 
or a Deflectograph are a basic input for a ssess ing pavement perform-
ance and overlay design(!). The methods also require information on 
construction and this is usually obtained by coring and from trial 
pits. 
At present most Deflectographs measure and r e c o rd only the 
maximum deflection response of a pa vement. The defle ction me asure-
ment~ collected are subsequ e ntly processed using c o mputers that are 
normal remote from the road being surveyed. 
A more suitable approach would be for the d e flection measure-
me nts to be processed on the machine as they are recorded to allow 
i mmediate identification of suspect areas. Provision of real-time 
analysis would encourage closer contact betwe en those taking the 
\ . 
meas~rements and those responsible for making decisions on the basis 
of the measurements. 
A requirement of an on board processing system would be a 
continuous assessment of the thickness of the bituminous layer of the 
pavement being surveyed. 
/ 
An indication of the thickness of the bituminous layer is 
important because bitumen is temperature susceptible and the degree 
of temperature susceptibility is a function of the proportion of the 
total pavement stiffness contributed by the bound layer. 
The TRRL structural maintenance design method (2 ) i~co.rpo.rates a 
number . of temperature and deflection relationships for pavements of 
various bituminous layer thicknesses, which can be used to standard-
ise deflection measurements obtained at any pavement temperature withir 
the range 5-30° C to equivalent values at 20°C. A knowledge of the 
thickness of the bituminous layer means that the appropriate relation-
ship c an be selected. 
This paper describes investigations into the use of deflected 
shape measurements to characterise the pavement construction. 
Deflected shape is defined in terms of a differential deflection at a 
specific distance from the position of maximum deflection. The 
. . 
differential deflection at a particular point on the deflection dish 
is calculated as the difference between the maximum deflection and 
the ordinate deflection at that point. Details are presented of 
theoretical studies, using a finite . element approach, together with 
practic al studies using in-situ measurements of maximum deflection 
and deflected shape made with a Deflectograph on a wide range of 
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pav ement types. 
~esulting from these investigations a me thod of e s timating the 
thickne ss of bound material in a payement structure is prese nted. 
The accuracy of the propos ed method is as s es s ed in relation to 
the quality of the measurements , the existence of localised soft 
spots in the granular layers and soil subgrade and localised cracking 
of the bound layers. 
2.0 The Pavement Mo~el 
The finite eleme nt model developed represents a longitudinal 
pavement section, 12 metres in length, loaded at its mid-point by a 
load equal to that applied to the road sur~ace by each dual wheel 
assembly of the Deflectograph. A distance of 12 metres was selected 
because it approximates to the length of road influenced by the 
action of the loaded wheels on all but the stiffest of pavement 
structures. 
The symmetry of the model means that it can be sub-divided at 
the point of application of the load and subse que nt analyses under-
taken on half of the original model . 
Physically reducing the size of tHe model, results in a 
considerable saving in the computer time required to complete the 
analysis. 
The model, Figure 1, was sub-divided into a number of 
rectangular elements connect~d at their nodal points . . The nature of 
the finite ele me nt idealisation means that, in general, the accuracy 
of the solution increases with the number of elements taken( 3). 
A graded division into elements was adopted to allow a more 
detailed study to be made in the region under the load. 
Such a selective distribution of ele ments is efficient and c~n 
lead to economy in solution time without any loss of accuracy . 
Boundary conditions were such that the bottom of the model wa s 
constrained from moving in both the horizont~l and vertical 
directions, the sides constrained in the horizontal direction o~ly 
and the surface of the model free to move in both directions. 
The external load acting on the ac tual pavement structure was 
replace~ by an equivalent system of forces acting at the element 
nodes. Care was taken, with the selection of the finite element mesh, 
to ensure that nodes occurred at the points of application of the 
for~es. 
2 .1 Calibration of the Model 
Before the finite element model could be used to investigate the 
ability of deflected shape measurements to characterise tQe pavement 
construction , it was first necessary to ensure that the r esponse of 
the theoretical model was similar to the response of an actual 
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paveme nt structure. 
Initially it was e nv isaged that this wo uld be a ch ieved by 
reproducing the response of a pavement structure as measured by a 
Deflec tograph. 
However, experimental and theor e tical studies( 4 )have d emon-
strated that the deflections measured und e r a rolling whee l, e ither 
by a Deflection Beam or a Deflectogr aph, cannot be readily d e picted 
by multi layer e la s tic theory and that the inclusion of non-linear 
behaviour does not resolve the difference. 
To overcome these problems absolute deflections measured with 
displacement gauges on to pavem e nt structures, one with a granular 
roadbase, and one with a bituminous bound roadbase we re obtained 
from instrumentedroad sections. These measurements defined the 
pavement response to be modelled. Of the parame ters controlling the 
response of each layer, stiffness, E, poisson's ratio, v and 
thickness, h, to applied load only the bound layer, the granular 
roadbase and the granular subbase thicknesses were known for the 
structures investigated. 
In developing the mode~ values for the elastic parameters (E 
and v) of the individual ~ayers and the subgrade were initially 
deduced from typical p~blished values for each material type. These 
values were subsequently modified within closely defined limits 
un~il the response of the theoretical model was similar to that of 
the actual pavement structure. 
A theoretical pavement model has been developed that accurately 
predicts the response under load for a pavement containing a granular 
roadbase, Fig~re 2, and using similar values for l~yer stiffne~s and 
poisson's ratio, also for an alternative structure with a bituminous· 
road base. 
2.2 Prediction of Bituminous Layer Thickness 
The model has been used to determine the relationship between 
the deflected shape of the pavement's surface and thickness of the 
bituminous iayer. This relatively simple relationship between 
deflected shape and bituminous layer thickness could _have formed the . 
basis of a bituminous layer thickness estimation procedure if it 
could have been assumed that the strengths apd thicknesses of the 
other pavement layers and subgrade remained constant along a length 
of ·road. 
However, variations in these values do occur in practice and it 
was therefore necessary to quantify the possible effect of each 
likely change on the deflected.shape. 
Analysis of the deflected shapes produced by the ·model has 
resulted in a number of charts showing the relationship between 
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deflected ~hape, defined as the differ e ntial deflection at various 
distances from the position of maximum deflection, and the maximum 
deflection for pavements of various thicknesses of bituminous layer. 
Differential deflections were calculated as the differ e nce 
between the maximum deflection and ordinate deflections measured at 
specific distances from the position of the maximum defl~ction. 
These charts enabled the ~osition of the differential deflection 
most influenced by a change in thickness of bituminous layer to be 
identified and this was found to correspond to an offset 200 mm from 
the point of maximum deflection. Figure 3 shows the chart for an 
offset of 200 mm and demonstrates and quantifies the influence of 
changes in the stiffness of the bituminous layer and resilien t 
moduli of the granular roadbase and subgrade, on the deflected shape. 
The slopes of these lines indicate that the stiffness of the 
bituminous layer has a ~reater influence on the deflected shape 
(differential deflection) than on the maximum deflection, whereas the 
opposite is true for the modulus of the subgrade. 
The strong influence· of bound layer stiffness on differ·ential 
deflection is not important because equivalent thickness at a single 
standard stiffness can be derived i.e . lOOmm of~ bituminous layer 
with a stiffness of 5 . 0 x 10 9 N/m2 is equivalent to (say) 80mm of 
material with a stiffness of 1 . x 10 10 N/m2 • The influence of 
thickness and stiffness of the granular layer and stiffness of the 
subgrade on differential deflection is less strong but this will 
affect any estimates of bound layer thickness that are mad~e 
basis of differential deflection . Quantification of any errors that 
may be introduced in the estimate? as a ~esult of changes in the 
properties of the granular and soil layers are considered in the 
next section . 
Charts similar to that presented in Figure 3 could be used in 
conjunction with measurements of deflected· shape, as recorded by a 
Deflectograph and corrected to absolute values, to estimate the 
thickness of the bituminous layer in the structure tested . 
2 . 3 The Accuracy of the ·Estimate of Layer Thickness 
The accuracy of the proposed method was assessed by quantifying 
the effect of change in either the strength~or thickness of each of 
the pavement layers and subgrade on the es~timate of bituminous layer 
thickness 
Charts were constructed for this purpose and a typical one , 
showing the effect of roadbase modulus, is presented in Figure 4 . 
The relationship shown suggests that increasing t he modulus of the 
roadbase by a third would resu l t only in about a 10 per ce n t increase 
in the estimate of the thickness of the bituminous layers . A 
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substantial r eduction in r oodbase modulus , of about 66 per cent , 
results in about a 15 to 30 per cent r e duction in the es timate of 
bituminous layer thicknesses. 
In general, for maximum typical ranges of layer moduli and 
thicknesses , the bituminous l ayer thickness can be estimated to 
within ± 10-15 per cent . 
The effect of soft spots in the granular subbase and cracking 
in the bound layers has also been studied using the model. 
The magnitude of errors introduced in the estimate of bituminous 
layer thickness by soft spots in the granular subbase is dependent 
upon the size and position of the soft spot relative to the differentj 
deflection used to define deflected sh~pe. Small weak areas, CBR 
less than 1 per cent, up to 500mm long result in only smal l errors 
in the estimate of bound layer thickness and can be disregarded . 
The effect of cracking in a bound layer was investigated using 
the model for a pavement with a bituminous roadbase. Individual 
vertical cracks wer~ introduced, at various locations, eithe r in the 
top or bottom half of -the bituminous roadbase. 
A single vertical crack resulted in an underestimate of 
bituminous layer thickness; the magn itude of the underestimate was 
generally less than 10 per cent and was again largely dependent upon 
the position of the crack relative to the differential deflection 
used to define deflecte d shape. 
3.0 Site Investigations 
In situ measurements were made with a Deflectograph on a wide 
range of pavement types and used to investigate a relationship 
. . . 
be tween th~ deflected shape _and thickness of the bituminous· layer. 
A Deflectograph recorded the response of the pavement structure 
as a maximum deflection and at ten pre-selected ordinate deflections. 
3.1 Construction thickne~ses 
Prior to the analysis alJdeflected shape measurements were 
temperature corrected to equivalent values at 20°C using previously 
derived relationships between' deflection and temperature< 2 >. The 
temperature correction procedures significantly affect the magnitude 
I 
of _ the maximum deflection but ~odify the measured shape of the 
d f . . I e lect1.on d1.sh only by small amounts •. ; ...._. 
~ 
Bound layer thicknesses ~ere determined primarily using 
conventional coring equipment. · lddi:tional informatioh was obtained 
. . 
using the non-destructive wav~· propogation technique at a single 
frequency to give a continuous estimate of bound layer thickness. 
Comparison of the results , with cores extracted at specific points 
along the section of road, suggested that the single frequency techniqt 
was capable of predicting bound layer thickness to within ± 10%. 
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3.2 Def l ected shape measurements 
The 1n-si tu deflected shape measurements were ana l ysed usi ng 
linear regression techniques to deyelop relationships between 
deflected shape, expressed in terms of the differential deflect i o n 
200mm from the point of maximum deflection, and the maximum 
d eflection. The results obtained covered a range of pavement t7pes 
which in general were substant ially different from those used to 
d eve l op the model. The differential d eflection 200mm from the po int 
of maximum deflection was us ed in the analysis because the r esu lts 
fr om th e finite e l ement model indicated this would be the offset 
most influenced by change in the thickne ss of the bituminous layer. 
The r e lationships d er ived, Figure 5, are similar to those derived 
t~eor e tically, but their numerical values differ from those pr ed icted· 
pr obably due to the non absolute nature of the measurements recorded 
by the Deflectograph, mater ial vari ability in th e constituent laye r s 
of the pavement and t he variations in the layer thic~nesses as 
suggested by the wa ve propogation results. 
Further work is continuing to determine the pavemen t response 
predicted by th e finite element model for pavements with similar 
structures to those t es t ed in-s itu. Additional work o n instrumented 
road structures i s r equ ir ed to validate the est imat ion procedure over 
a wider r ange _of pavement types . Howeve r, in the i~ter im deflection 
• 0 , • 
measur emen t s recorded by a De flectograph can be us ed ln conJunctlon 
with Figure 5 to provide the first es timate of bound layer thi c kness. 
4.0 Conclusions 
Deflectograph measurements of maximum deflection a nd deflected 
shape can be 'used to est i ma te the thickness of bituminous bound 
layers . A de~ign chart is presented for this pu~pose based on data 
collected from in-service pavement s . 
A finit e element mode l h as been d eve loped that c an accurately 
pr ed ict the maximum def l ec tion and d ef l ec t e d shape response of ·real 
pa vements under load. 
This model has been us ed to investigate the acc~racy of 
estimating bound layer thickness from deflected shape measurements 
and indicates that for typical ranges of layer stiffness the 
e s timates obtained will normally be within ± '10-15 per cent of the 
true value. 
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Effective use of the large sums of money now being spent world wide 
in strengthening roads requires a design system capable of matching spending to 
needs; it should establish pciorities for work and also the nature and extent 
of strengthening en the roads selected for treatment. A number of canplete 
design systems are now available that satisfy these requirements but which, in 
general, have been developed within specific design situations. 
This paper describes a procedure for calibrating existing methods to 
suit local conditions and existing local maintenance standards. The procedure 
,.. 
was developed as part of a research project aimed at validating the use of the 
TRRL methOO en lightly trafficked roads in the United Kingdan. Sane examples 
of the da.ta collected and as~essment procedures used en the project are given. 
A more general calibration procedure is then described that can, within a 
pericd of ene to two years, effectively assess the accuracy with which an 
existing well proven maiptenenace design methOO might be applied to a new set 
of operating conditions. 
1. Introduction 
Effective use of the large sums of money now being spent world wide 
in strengthening . roads requires a design system capable of matching spending to 
needs; it should establish priorities for work and also the nature and extent 
of strengthening en the roads selected for treatment. 
A number of complete design systems are now available that satisfy 
these requirements but which, in general, have been developed to satisfy 
specific design situations. These methOOs are the result of many years 
research effort and are based en either 
(i) empirical performance relations and design criteria developed 
from performance studies en in-serv1ce pavements 
1017' 
or (ii) analytical studies of pavement behaviour o::rnbined with onpirical 
design criteria developed from in-service pavements and 
laboratory investigations. 
The OJrrent design methods therefore, have a limited range of direct 
application because of the input of empirical data covering a necessarily 
restricted range of environmental conditions and material types. Potential 
users nust ·decide 01 the basis of very limited evidence which method is rrost 
likely to satisfy their requirements. The choice is usually based 01 a 
subjective assessment followed by a l01g process of validation and modification 
to provide a working system. 
- This paper describes a procedure for calibrating existing methods to 
suit local conditions and existing local maintenance standards. The procedure 
is related specifically to the Transport and Road Research Laboratory (TRRL) 
design method (1) (2) (3) rot may be appropriate for use in conjunction with 
other methods. 
The procedure was developed as part of a research project aimed at 
validating the use of the TRRL method 01 lightly trafficked roads in the United 
Kingdan. The roads investigated were largely undesigned in any formal sense, 
being b.lilt-up through successive maintenance over many years. 
Examples of data oollected during the project are presented. Details 
of the assessment procedure are described hogether with estimates of the time 
required to undertake such a study. 
2. Developnent of the TRRL design metOOd 
The decision was first taken by TRRL in the nriddle 1950's to attempt 
perfonnance forecasting of in-service pavements on the basis of measured 
deflection. In order to gain widespread acceptance by the large number of 
Hig~ay Authorities responsible for pavement strengthening, the aim was to . 
develq> a method based primarily en a straightforward technique of in-situ 
measurement. A progranme of testing was uirlertaken en a wide range of 
canbinatiens of pavement materials and thicknesses in over 340 experimental 
sectia1s built as part of the naticnal. road network. 
2.1 The influence of pavement temperature.;..-
Ternpe.rature influences ~ stiffness of bituninous materials and 
hence the deflectien of flexible pavements. Correction charts are therefore 
required to reduce deflection measurements made at different road tempe~atures 
to equivalent deflectiens at a standard t:.eJlile.rature. These oorrection charts 
based en experimental evidence have been developed for a wide can9e of 
bitun.inous material types and thicknesses (2) (3); an example is gi~en in 
Fig. 1. 
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2.2 The relation between deflecbion and ~?erforrilance 
T':e equivalent, or standard, deflection values were used to c::onstruct 
deflection histories for the experbnental sections. Deflection histories 
relate standard deflectien to pavement performance under known traffic 
expressed in terms of deformation jn the wh~l-paths and any cracking that 
developed. By cx:mparison of deflection and deformation behaviour a critical 
stage in the life of a pavement can· be identified. 
The critical condition is defined as that p:>int in the total life of 
a pavement just before the accumulatien of damage begins to escalate, when some 
structural integrity remains and therefore the life of the pavement can still 
be extended €concmically by strengthening the existing structure with an 
overlay (2). In the United Kingdan, providing the accumulated damage is 
structural rather than superficial in origin, it has been found that the onset 
of critical conditions normally correspcnd to a rut depth of about 10 nrn with 
some surface cracking. 
Beycnd critical conditiens deformaticn and deflection begin to . . 
increase more rapidly leading to failure and the need for reconstruction of the 
pavement. 
By combining large numbers of deflection histories collected over a 
20 year period of measurement , relaticns were developed between d.eflection and 
life, expressed in terms of Cl.D11llulative standard axles, Fig 2. These desigl}. 
. . 
charts were developed from pavements in which permanent deformation was the 
primary form of deterioration. Limited evidence of their use for predicting 
the remaining life of pavements that deteriorate throug~ fatigue cracking is 
also available from the United Kingdom (1) and Australia (4). 
2:3 oVerlay design 
When a pavement approaches a critical condition, its life can be 
extended by the applicatien of a bituminous overlay. To specify the thickness 
of overlay, it is .necessary to establish both the reduction in deflection 
brought about by overlays of different thicknesse~ and also the deflection-life 
relaticns of the overlaid pavements. This information was obtained from TRRL 
. full-scale experlinental sections supplemented by evidence from pilot-scale 
trials and cC.osolidated into overlay design charts, Fig. 3. (3) 
3. Extension of the method to lightly trafficked roads 
The TRRL design method . is based, en measurements of deflection and 
pavement condition obtained primarily from medium to heavily trafficked roads. 
The lack of information en lightly trafficked roads was reflected in the design 
charts by showing the relations in this section with dashed lines on Fig. 2. 
To validate the accuracy of these projections the following 'additional 
information was required. 
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(i) Temperature - de flection relations for the common types of 
ma terials used en lightly trafficked roads 
and (ii) Further information en the p;:>s i tion of the critical condition 
curve en the deflection-life chart. 
Deflection-life relations for overlaid pavements were not studied 
because work by TRRL had established that, although overlaid pavements 
generally had longer lives than rew pavements with the same deflection level, 
the differences in life were small (1). Therefore the relations defined for 
new pavements oould be safely applied ro overlaid pavements. 
Further evidence of the reduction in deflection broug~t about by the 
application of overlays was not (X)OSidered necessary because the evidence en 
which the main design document (3) was based covers a wide range of bituminous 
mixes and because similar data has been ret:erted elsewhere (5) for other types 
of mix. 
3.1 Data oollect·ion . 
The majority of the deflection measurements were obtained with a 
Deflectograph, ·the remainder with a Deflection Beam. (6) (7) 
To enable the required data ro be oollected in a short period of time 
. . 
the development of complete deflection histories covering the life of sections 
of road~fran construction ro failure was impractical. The cxncept of st.udying 
a 'slice in time' of a defection history was established as a viable 
alternative procedure. 
3.2 The slice-in-time ag:>roach 
Following a single survey of a given si~e the varying deflection 
levels obServed along the length of the road were linked ro a visual concH tiC%.' 
survey; this defined the ranges of deflection levels oorresponding 'to sound, 
critical and failed conditions, Fig 4. By c:x:rnbining the results fran 
comparable sites that have experienced different cummulative traffic levels it 
was possible ro construct the line representing the onset of critical 
conditions, Fig 4. 
· Typical results sho.oling the upper lirni t of sound conditions using 
this approach are shown in Fig. 5. These results were ~ken fran sites with 
non-cementing granular bases en a range of subgrade types and strengths. 
in using this ar;proach it is necessar:{ to define the level of past 
traffic. It is also necessary to c:x:IT~par~ individual deflection measurements 
with the condition of the rbad at p~isely the P?int of measurement. The 
level of surface deterioration recorded by condition surveys will also. include 
all non-structurally associated deterioration and the oorrespondence between 
lengths ~f road classified as being in a cri~ical c:x::od~tion or \olOrse and the 
predicted position of the critical condition curves wili be m6re variable than 
those shown for soun1 conditions. 
11020 
3.3' Estimation of pas t traffic ~evels 
Past traffic levels for each section of road were est ablis hed fran 
carrnercial vehicle cxxmts, vehicle weight s urveys using a p:>r table weighbridge 
and estimates of past growth rate and past changes in vehicle damage factor 
(8). To obtain the best estimate of traffic loading it was found necessary to 
classify the commercial vehicle count by type and then, using vehicle weight 
surveys, determine for each type an . average vehicle damag~ f~ctor (8). The 
average factor for each type of vehicle was then ccrnbined in direct prop:>rtion 
to the number of vehicles recorded in each type fran the commercial vehicle 
eotmts to pcovide an average vehicle damage factor for the site. Twelve-hour 
carrnercial vehicle count surveys en each of five days were ccrnbined with eight 
hour weight surveys en each of three days. 
3.4 Extensioo of the design charts 
The results of the study validated the p:>Sition of the critical 
condition design curves, shown dashed in Fig. 2, for lightly trafficked roads 
for traffic cbwn to 0.2 million standard axles and also pern.litted sane 
extensioo to lONer traffic levels. On the basis of the data collected sane of 
the overlay design charts have also been extended. 
It should be roted that the trend in deflection level with time has 
not been defined by the procedure a:3opted. This aspect of the design charts 
can be verified only by lcng term studies en a snail selection of sites. In 
the present investigaticns it has been assumed that the gene ral pattern of -' 
trend lines defined for Iredium to heavily trafficked roads awly equally to 
lightly-trafficked roads. Although a sanewhat inexact awroach, this will 
provide a more realistic estimate than making the assumption contained in many 
other design procedures, that deflecticn remains cons tant throughout the life 
of the road. 
4. Recommended calibration ~ocedure 
Calibratioo of an existing· design procedure requires a comprehensive 
appraisal to be undertaken of a representative sample of the total road 
network. The total length of road included in the sample will depend on local 
c:oOOiticns but it should inclooe secticns representing the range of· predaninant 
environmental conditions, subgrade types, forms of flexible construction and 
types of traffic loading. For each of these classifications a range of 
pavement conditions fran sound through critical to failed must be identified. 
To pcovide a statistically significant quantity of deflection and condition 
information every section representing a partieular combination of conditions 
should have a minimum length of about 0.5 km. 
To satisfy these conditions may often involve a total survey length 
of 300-1000 km. Such a progranme will take about cne to two years to cx:mplete, 
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i ncl ud ing abou t s i x months of survey work and s ite tes t ing, providing aulomat ic 
defl ection meas urement and analysis procedures are available. 
De t a iled evidence of construction type and l aye r thickness of the 
t est sections mus t be establi s hed. This will normally be achieved in a t hree-
stage programme of cor ing. The first stage, with a coar s e spacing of cores, 
(about 5 km interva ls may be satis f act ory), bac ked up with construction r ecords 
where ava ilable, will i dentify potential t est lengths. The s econd s tage 
involves taking cores at 0.5 km intervals along the potential t est l engths to 
e nable the final s el ection of sections. A final stage, undertaken during the 
analysis period, may be r equired in which additiona l cores are taken fran 
within the t est sections in positions suggested by anomalous deflection and 
condition measurements·. 
Be for e the routine deflection survey work can begin it is necessary 
to define those periods when deflection meas urements are likely to be 
significant in terms of the evaluation of pavement performance and when 
temperature profile~ within the pavement and subgrade conditions are consistent 
enough to give reproducible deflection measurements. The refore, follo.ving the 
identification of the main test l engths by coring, a selection of shorter 
temperature test sections is made, each around 25 m in length and covering the 
major construction material and subgrade types. Deflection beam measurements 
(6} ..(7} are then obtained at several points within each section at intervals 
throughout the anticipated testing season. Once the t esting period is defined 
routine deflection t esting of the total survey length can commence together 
with the survey of road condition. It is important to ensure that the 
condition of the road at precisely the point of deflection measurement is 
recorded. At intervals .during the routine survey period, deflection beam 
measurements are c:Ontinued at the points within the t~ature test sections. 
These will enable temperature correction pcocedures to be developed~ Deflection 
measurements oo the temperature test sections, together with measurements on a 
wider range of control lengths rroni tored as part of the routine survey, will 
provide additional information oo seasonal effects. 
Parallel traffic sbxlies can use either the pcocedures detailed in 
Section 3. 3 or other techniques suited to local circumstances. 
Finally, the information collected is used to develop deflecticn-life 
relations for the range of pavements stooied • . In determining the position of 
- 0 0 
the critical condition curve local maintenance standards can be applied to the 
condition data when identifying the appropriate 1evels of deflection. · 
The information collected will, at a minirn1..111, provide the evidence 
necessary to set priorities for rnaint~ of the lengths of pavement surveyed 
and, as further deflection surveys are undertaken, for otJ:ler parts .of the 
network. In addition, the data collected should either validate the direct use 
of existing design methods ex form the basis of a nodified design method 
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·.directly r elated to local maintenance standards and . to the specific existing 
maintenance criteria, traffic loading and material types covered by the 
investigaticn. 
5. Conclusicns 
A detailed calibraticn pt"ocedure has been identified that can, within 
a period of cne to two years effectively assess the accuracy with which an 
existing well proven highway maint;~ance design method might be applied to a 
new set of cperating cx::oditicos. The pt"ocedure has been used tx> extend the 
TRRL design method to lightly trafficked roads in the United Kingdcm. 
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